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Abstract
This master’s thesis outlines the project investigating the effects o f oxygenated fuel additives 
on flame propagation and engine performance. In the first o f this two-part investigation, 
flame speeds, in a straight duct with a curved end section, were examined. The 172 cm 
straight section was followed by a 90° bend section and a 30 cm straight section. With 
propane as the fuel and emission zero air as the oxidizer, flame speeds, using equivalence 
ratios o f 0.8, 1.0, and 1.1, were explored. In addition, a commercial propane fuel additive 
blend was introduced and its flame speed compared to instrument grade propane. The flame 
propagated through the duct in a fluctuating manner. The first flame inversions are 
predictable and repeatable. Subsequent flame inversions and pressure fluctuations 
corresponded to the natural frequencies of the duct. The overall flame speed showed an 
increase from lean to slightly rich mixtures for the equivalence ratios tested. The fuel blend 
did not significantly affect the characteristics of the flame propagation in the duct.
In the second part o f the investigation, propane, mixed with a fuel additive, and air was 
introduced to a multi-cylinder engine. Because the fuel blend did not significantly affect the 
flame propagation characteristics in the duct, the additives were not expected to have an 
affect on the engine performance. Torque and power curves were successfully obtained, in 
addition to in-cylinder pressure measurements, to investigate a change in engine performance 
with fuel additives. Emission testing was preformed to determine the exhaust gas 
characteristics of propane with this fuel additive. The fuel additives were found not to 
significantly affect engine performance.
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If Flame thickness
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4 Integral length scale
LPG Liquefied petroleum gas (commercial propane)
LPP Linamar Power Products (manufacturer o f Linamar engines)
LX990 Linamar LX engine run on gasoline
m Mass
ma Air mass flow rate
mf Fuel mass flow rate
raA milli-Ampere
mep Mean effective pressure
mfb Mass fraction burned
MSDS Material Safety Data Sheets
n Number o f moles; Polytropic constant exponent, Harmonic number
NOx Mixture of NO and NO2
NPGA National Propane Gas Association (USA)
NSERC National Science and Engineering Research Council
OAS Overall average flame speed
P Power [W]
P Pressure
P224 GL Specification of the Onan (Linamar LX) engine to run on propane
ppm Concentration parts per million
PC Personal computer
p c Pico coulombs
PCB PCB Piezotronics Inc. Maker o f ICP 106B pressure sensor, inline 
amplifier and signal conditioner
Pcomb Pressure rise due to combustion
psi, psig Pounds per square inch, pound per square inch gauge
PVC Polyvinyl-chloride plastic
P x Pressure constant
QCC-1 Standard fitting for LPG cylinders
R Universal gas constant
Re Reynolds number
RH Relative humidity
RPM Engine rotational speed measured in rpm
rpm Rotations per minute
S Piston stroke
s(0) Stroke variation
SAE Society o f Automotive Engineers (standards)
SL Laminar flame speed
ref Reference laminar flame speed
stdev Standard deviation
Su Speed of unburned reactant gas
t Time
T Torque [N-m]; Absolute temperature
Tburned Burned product gas temperature
tdc Top dead centre
th rl, thr4 Throttle position 1 (wide open throttle) & 4 (1/2 open throttle)
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Tunburned Unbumed reactant gas temperature
V Volume
vout Output voltage
w c Work per cycle [N-m]
WHMIS Workplace Hazardous Material Information System
Ydil Mass fraction o f dilution
X Flame profile coordinate
Greek Symbols
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V Flame speed
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<j) Equivalence ratio


































At top dead centre







p -V  diagram 
Stoichiometric
Air filter
Cross-sectional area ratio o f height to width in a duct
Polycarbonate resin by GE Plastics
Analogous to a carburettor for vapour fuelled engines
The negative o f the imep o f the compression and exhaust strokes
Chart showing pressure versus volume
Fuel and oxidizer consume each other completely to form carbon 
dioxide and water
xx
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Chapter 1: Introduction
1,1 Introduction
Smog causing emissions and fears o f global warming have lead to stringent regulations to 
decrease oxides of nitrogen (NOx), particulate soot, unbumed hydrocarbons (HC), carbon 
monoxide (CO) and carbon dioxide (CO2) from motor vehicles [Peters 2000; Gov Can 2001]. 
Researchers are looking for alternative fuel choices to gasoline and diesel fuel, which have 
been the fuel o f choice for most road vehicles for more than a century. In recent years, much 
attention has been given to gaseous fuels such as propane and natural gas. Propane is a 
simple gas, which under pressure can be stored as a liquid. The moniker Liquefied 
Petroleum Gas or LPG is borne from a mixture containing mostly propane compressed to a 
liquid state and stored at room temperature. As a result of being a molecularly simpler gas 
compared to gasoline, emission characteristics seem to be more favourable. The United 
States Enviommental Protection Agency (EPA) and the National Propane Gas Association o f 
the United States (NPGA) reports that tailpipe emissions tests comparing propane with 
compressed natural gas (CNG) [NPGA 2003] and gasoline [EPA 2002] showed that propane 
is lower in total hydrocarbons, nitrogen oxides and particulate matter.
The inclusion of additives can change the flame characteristics. Fuels may be tailored to 
better suit the combustion application. Oxygen enhanced combustion can increase flame 
speeds, decrease ignition energy and ignition temperatures [Baukal 1998]. The addition of 
hydrogen and oxygenated hydrocarbons can also decrease the emission levels and enhance 
combustion.
1
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On a fundamental level, flame propagation can be seen as the basis of the spark ignition 
internal combustion engine. Within a spark ignition engine at a constant load, ideally there 
exists a homogeneous, near-stoichiometric mixture o f fuel and air prior to ignition. The 
spark ignition causes a flame kernel to develop and propagate outward in the form of a flame 
front [Peters 2000]. In-cylinder turbulence intensity, dependent upon the geometry o f the 
combustion chamber and the mean piston speed, affects the flame front propagation speed 
and profile. For a typical engine, at a rotational speed of 2100 rpm, the mean piston speed 
can be in excess o f 8.5 m/s. In this context, the flame propagation speed plays an important 
role in optimising combustion.
1.2 Description of Problem
A better understanding o f flame propagation may help to optimise the combustion process in 
a practical setting. As a result, it is necessary to investigate parameters that affect flame 
propagation. Factors such as the fuel composition, fuel-air mixture and chamber shape 
affect combustion, thus, were investigated in this thesis. Moreover, the effect o f these 
factors should be investigated in a practical setting. For this reason, this thesis included an 
investigation of combustion in a small spark ignition engine.
1.2.1 Fuel-Air Mixture
Fuel-air mixture composition was one of the variables in this investigation. Actual 
combustion reactions are composed of many complex initiation, branching and termination 
reactions governed by chemical kinetics, mass, momentum, energy, and specie conservation 
laws. A stoichiometric mixture is a fuel-air mixture such that the fuel and oxidizer (O2)
2
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consume each other completely, forming only carbon dioxide (CO2) and water (H20 )  
[Wamatz et al. 1999], The corresponding stoichiometric, global, combustion reaction 
equation for pure propane in an ideal air mixture o f 21% O2 and 79% N2 is:
C3H 8 + 5 (0 2 + 3.76N2) -» 3C 0 2 + 4H20  + 18.8N2 . (1. 1)
1.2.2 Equivalence Ratio
The equivalence ratio is a dimensionless parameter used to relate the proportions o f fuel and 
air in an actual mixture to those o f a stoichiometric mixture. Mathematically, the fuel/air 
equivalence ratio, <j), is defined as follows:
(j) =  (F/A)actual /(F /A )stoich , (1.2)
where F /A ,  refers to the ratio of the amount of fuel to the amount of air by mole or by mass.
Thus, for lean mixtures <j> <1, for rich mixtures <(> >1 and for stoichiometric mixtures 4*=1. If 
there is too much or too little fuel to sustain a reaction the mixture has exceeded its 
flammability limit. Except for experiments conducted in micro gravity where the lower 
flammability limit o f propane was found to be less than (j)=0.47 [Kawakami et al. 1999], the 
conventional lower and upper flammability limits o f pure propane at standard conditions are 
<j)=0.52 and <j)=2.35, respectively [WHMIS 2001]. In this study, the focus was on equivalence 
ratios near to stoichiometric for a number of reasons. The first was to ensure combustion 
will take place. Second, parameters such as the adiabatic flame temperature and laminar 
flame speed of propane are at a maximum in the neighbourhood of <(>=1.1 [Metghalchi & 
Keck 1982; Lee 1999; Wamatz et al. 1999]. The third reason this study focused on 
equivalence ratios close to stoichiometric is that engines typically run in that regime since
3
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that is where the maximum power can be found [Stone 1999] and, a three-way catalyst can 
treat exhaust gases at this equivalence ratio. For these reasons, equivalence ratios between 
(j)=0.8  and (|>=1.1 were examined.
1.2.3 Fuel
Fuel processors are constantly trying to improve their product with the inclusion of additives. 
One particular company, Oxylene Limited, o f Vancouver B.C. claims their additive increases 
performance o f commercial propane. Commercial propane (HD-5) is a mixture o f simple 
hydrocarbons that contains by liquid volume no less than 90% pure propane, not more than 
5% propylene, and no more than 2.5% of butanes and larger hydrocarbons. Four blends of 
commercial propane with additives were tested. The company, Oxylene Limited, provided 
five propane cylinders: one of commercial propane and four with 4%, 3%, 1%, and 0.5% by 
liquid volume of their additive labelled in bottles A, B, C, and D respectively. The 
composition of the additive was unknown except to the company. In addition, a comparison 
to instrument grade propane, containing 99.5% pure propane by liquid volume was 
warranted.
1.2.4 Premixed Flame Propagation
In premixed combustion, the fuel and oxidizer are mixed before the combustion reaction 
takes place. An external ignition source initiates the chemical reactions. In a confined space, 
these chemical reactions initiate a flame kernel that grows at first by laminar then turbulent 
flame propagation [Peters 2000]. It is well known that turbulence affects flame propagation. 
In the context o f a spark ignition engine, turbulence can be introduced by the intake flow and
4
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compression in a cylinder, or induced by expanding gases from the products o f combustion. 
There is a desire to better understand the characteristics of this induced turbulence.
1.3 Objectives
The primary objective o f this thesis was to gain a better understanding on flame propagation 
in fuel/additive blends mixed with air. In doing this, one must set up proper testing and 
measuring apparatus and techniques to be able to compare different variables.
This two-part investigation first focused on flame propagation in a closed duct. The specific 
tasks of this part o f the investigation are:
• To construct a duct to investigate flame propagation.
•  To establish a repeatable benchmark to compare the flame propagation o f different
fuels.
• To determine the role the equivalence ratio plays in flame propagation.
• To determine the role a particular fuel additive plays in flame propagation.
• To investigate the features o f flame propagation through straight and curved sections.
The second part o f this investigation focused on performance testing an LPG spark ignition 
engine using fuel mixed with varying amounts o f additives. The tasks of this part of the 
investigation are:
• To construct an engine test cell to facilitate testing of small engines.
• To establish a benchmark power and torque curve and compare them with the engine 
manufacturer’s.
5
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• To determine engine performance through a range of engine speeds and throttle- 
openings.
• To compare engine performance as well as the emission data o f commercial propane 
and different fuel additive blends.
The final objective o f this thesis is to determine a link, if  any, between flame propagation in a 
closed duct and combustion in a spark ignition engine.
1.4 Literature Review
1.4.1 Flame Propagation in a Duct
Quantitative measurements of flame propagation are made easier in a controlled environment 
such as a burner or a duct. Flat flame burners have been used to study laminar flame speeds 
for premixed flames while premixed turbulent flames can be found in gas turbines [Wamatz 
et al. 1999]. These methods examine a pseudo steady state condition o f flame propagation. 
Other experiments have been designed to examine the random and spontaneous manner of 
flame propagation and turbulence.
Dunn-Rankin et al. [1986] carried out experiments in a closed square duct measuring 3.8 x
3.8 cm and 15.5 cm in length. Their numerical model did not take into account effects of 
vorticity or pressure waves. They found that fluid motion generated by combustion is a 
consequence o f mass flux conservation across the flame front. They also show that the flame 
moves by self-advancement and advection, which is the transfer of mass properties by the
6
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velocity flow field. It is the advection that causes the flame to move in the direction o f and at 
the speed of the local flow velocity.
Gonzalez [1996] conducted a numerical study in a closed tube and proposed the flame front 
decelerates when it reaches the side walls, triggering the fundamental acoustic mode o f the 
tube. The tulip flame is a result o f the generated hydrodynamics and the flame surface 
undergoes soft pulsations due to the acoustic waves.
Clanet & Searby [1996] studied the tulip flame phenomenon in vertical circular glass tubes 
that were open at one end. The tube radii were 2.5 cm and 5 cm with lengths ranging from 
0.6 m to 6  m. They suggested that the tulip flame is a result of the flame reaching the side 
walls creating a deceleration. They show that although combustion excited pressure waves 
are present, they do not provide the driving mechanism for the tulip inversion.
Kratzel et al. [1998], using a 10 x 2.5 cm rectangular cross-sectional tube with a length of 
lm , with an open and closed end configurations, attempted to focus on the tulip flame 
formation. They found the tulip flame formation occurred long after the flame reached the 
sidewalls. They suggest the tulip flame formations must be initialized by a single event such 
as the interaction o f a planar pressure wave with a curved flame front. Cellular flame fronts 
only occurred in half-open tubes in their studies.
Hackert et al. [1998] investigated the effects of thermal boundary conditions on the flame 
shape in parallel plates and cylindrical ducts. From their numerical simulations, they found 
that the increased flame speed in non-planar flames is partially attributed to the increased
7
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flame surface .area. They also note that the flame front flattens with an opposed flow and a 
moderate amount of wall heat transfer greatly affects the flame shape and propagation speed.
McAlary [1999], investigated flame propagation in a straight duct with a 90° curved section 
and a partially-open end condition. The aspect ratio of this duct was 2:1. The 90° bend had a 
centerline radius of 2.5 inches. He found that secondary flows in the unbumed gas caused 
stretching and distortion o f the flame fronts propagating through the bend. He also found 
that there was variation in the flame propagation speed.
Sobiesiak et al. [2000] used video measurements and numerical modeling for the apparatus 
o f McAlary [1999]. They concluded that the flame propagates with varied speed and the 
onset o f the flame splitting process coincides with the flame deceleration. Focusing on the 
bend, they found that the flame does not follow the inner or outer surface when it propagates 
through the first 45 degrees of the bend. Numerical simulation of the flame propagation 
captures essential features however further investigation was needed to explain mechanisms 
o f the tulip flame formation.
Daws [2000] continued work with this duct configuration, varying the exit opening size. He 
also included video measurements, to measure flame propagation velocities, as opposed to 
McAlary’s photodiodes. He observed that not only did the flame propagation speed vary for 
each operating condition, the bend entry profile o f the flame also varied.
More recently Battoei et al. refurbished this same duct and produced more results using video 
measurements and automated video processing [Battoei et al. 2002], They discovered that
8
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the progression o f the flame front is characterized by the occurrence of several flame 
inversions. The flame experiences a reversal o f relative speed accompanied by a change of 
shape as it propagates. It was this duct that was the stimulus for the work presented in this 
thesis.
1.4.2 Fuel Additives and Combustion
Many researchers have studied the effects of fuel additives on combustion. Ideally, if  an 
engine is run at lean conditions, the amount of carbon monoxide in the products is 
minimised. Thus, a large amount of research has been conducted to reduce the emissions of 
mainly NOx, to the environment. Furthermore, there is a decrease in power when an engine 
is run at lean conditions. Therefore, researchers have attempted to use additives to increase 
power.
Alasfour [1997] compared the addition o f 30% iso-butanol (C4H9OH) gasoline mixture, 30% 
methanol (CH3OH) gasoline mixture to regular gasoline in a single cylinder spark ignition 
engine. Alasfour found because o f the lower energy content per-unit mass for the blended 
fuels, the indicated mean effective pressure was less for the blended fuels while the brake 
specific fuel consumption was greater. Furthermore, butanol out performed methanol over 
the range o f operating conditions.
El-Sherif [1999] attempted to control emissions by using hydrogen and carbon monoxide as 
an additive to methane (C H 4) air flames. In an analytical and experimental study, the flame 
speeds from a symmetrical adiabatic counter flow model were found to be in close agreement 
with the experimental data. The results show a decrease in NOx (in lean and rich flames) and
9
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a decrease in CO in rich flames with a small increase in additive. The results also show a 
marked increase in the flame speed with an increase of H2 added.
Bade Shrestha & Karim [1999] report on the indicated power of a spark ignition engine 
fuelled by methane and enhanced by relatively small amounts of hydrogen. They found that 
the addition of H2 to methane fuel enhanced performance particularly in lean operation. The 
optimum amount o f H2 in the fuel mixture appears to be about 20-25% by volume.
Uykur et al. [2 0 0 1 a] studied the effects of the addition o f hydrogen and oxygen premixed 
with methane-air flames using chemical kinetic simulation methods. They report at 
stoichiometry, the addition o f 10% hydrogen increases the flame speed o f the mixture by 8 % 
and adding 20% H2 increases the flame speed by 15%. An addition o f 10% H2 + 0 2 in the 
ratio found in water yields a 13% increase in flame speed. They also found that increases in 
NO concentrations for 2 H2 + O2 addition can be compensated by the extension of the 
flammability limit with that additive.
Uykur et al. [2001b] report a similar study o f the effects o f hydrogen and oxygen premixed 
with iso-octane-air flames. They find that with 5% and 10% H2 addition, the increase in 
flame speed is 1% and 5% respectively in stoichiometric mixtures. Hydrogen addition 
initiated a larger increase in flame speed away from stoichiometric. Stoichiometric mixtures 
of 5% and 10% 2H2 + O2 addition are not much different than H2 addition, however rich 
mixtures showed an increase in flame speed of 15% and 2 0 % for the respective addition of 
5% and 10%2H2 + O2.
10
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Al-Baghdadi has contributed many studies on the improvement o f performance by use of 
hydrogen and alcohol additives [Al-Baghdadi & Al-Janabi 2000; Al-Baghdadi 2002; Al- 
Baghdadi 2003]. Al-Baghdadi & Al-Janabi [2000] studied the effect o f a hydrogen addition 
to gasoline-ethyl alcohol fuel mixture on a spark ignition engine. Their research found that 
blending gasoline with 4% hydrogen and 30% ethyl alcohol leads to a 39% reduction in NOx 
emissions, as well as a 49% reduction in CO emissions and increased power. The hydrogen 
addition was responsible for the increased power due to the high mass-burning rate while the 
reduction o f NOx emissions was a result of ethanol possessing a higher heat o f vapourisation, 
thus causing a reduced peak temperature [Al-Baghdadi 2003].
Recently, D ’Andrea led research studying the effect of hydrogen [D’Andrea et al. 2002] as 
well as hydrogen and oxygen [D’Andrea 2003] addition to gasoline on a spark ignition 
engine. She found that a 60% addition of hydrogen by volume (3% by mass) decreased 
cycle-to-cycle variability and increased torque and indicated mean effective pressure by at 
least 30% for lean mixtures.
1.4.3 Differences From Other Work
The configuration of the duct in this study has many purposes. First, the length of the duct is 
sufficient to monitor the pulsing action of the flame front. Preliminary tests show that a tulip 
flame accompanies the initial pulses of the flame-front movement. These initial tulip 
formations as well as the subsequent flame inversions will be investigated. In addition, the 
aspect ratio in this study is 1:2. As a result of the duct height being only 2.54 cm, detailed 
physical pictures of the tulip flame may be difficult to obtain, however, the mechanism 
driving the tulip formation will be examined. Equivalence ratios as well as fuel types have
11
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been the topic o f much research. Fuel additives^ however, have not been studied extensively 
in conjunction with this type o f experiment.
Leakage was a major problem in the apparatus of the experiments o f McAlary [1999]. ' 
Design improvements in the construction o f the duct were made to obtain more accurate test 
results. Increased time resolution is now possible with improved computer equipment. A 
macro replaces manual measurements in a fraction o f the time. This allows for a larger 
number o f more precise and efficient measurements.
1.5 Organisation of Thesis
As alluded to previously, this thesis will report on experimental investigations of propane 
combustion in two separate experiments. Chapter 2 will focus on the experiments conducted 
in a flame propagation duct. The focus in Chapter 3 is on the experiments conducted on an 
engine and will discuss the possible connections between the two experiments.
12
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Chapter 2: Duct Study
2.1 Theory
2.1.1 Premixed Combustion and the Flame
As mentioned in section 1.2.4, in premixed combustion the fuel and oxidizer are mixed prior 
to the combustion reaction. If the reaction temperature remains high while sufficient reactant 
specie is available in the combustion zone, the process of combustion can be self-sustaining. 
The subsequent heat release is the excess energy not used to sustain the reaction. This self- 
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and intermediate species
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Figure 2.1. Structure of a premixed flame (Adapted from Peters [2000]).
In the Preheat Zone, at temperatures up to 1000°C, pyrolysis o f fuel hydrocarbons to lower 
hydrocarbons occurs. In the Reaction Zone, fast bi-molecular reactions at high temperatures 
occur. The transformation of carbon monoxide to carbon dioxide takes place in this highly
13
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luminous region. In the recombination zone, relatively slow tri-molecular reactions take 
place such as the formation of oxides of nitrogen. Most radiation heat transfer originates in 
this zone. The flame thickness, If, can be defined as the width of the zone where reactants 
are formed into products and release energy. Peters [2000] calculates the laminar flame 
thickness for methane at atmospheric pressure and stoichiometry as 0.175 mm. The flame 
front can now be defined as the surface of the reaction zone where the reactants are provided 
with enough energy to sustain the reaction.
2.1.2 Laminar Flame Propagation
As illustrated previously, a flame is a self-sustaining localized combustion zone where 
reactants are brought in and products discharged at high temperatures. If the reactants are 
stationary, the localized combustion zone propagates or spreads with a subsonic speed, with 
respect to the stationary reactants. The speed at which the flame propagates into the reactants 
is said to be the laminar flame speed.
Factors such as temperature, pressure and equivalence ratio affect the laminar flame speed. 
Generally, the flame speed increases with an increase in reactant temperature and decreases 
with an increase in pressure. Apart from very rich mixtures, the effect of equivalence ratio 
on laminar flame speed is similar to how this factor affects flame temperature. The 
maximum laminar flame speed occurs close to (j)=l.l and decreases on either side of <j>=l.l 
toward the flammability limits.
14
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A widely used correlation used for determining the laminar flame speed for different fuels is 
the Metghalchi and Keck [1982] correlation. Used by Stone [1999] and Turns [2000], this 
experimentally determined correlation o f laminar flame speed for different fuels is as 
follows:
S i  ~  S i tref ( T Unbum ed/Tu,re$7(p /p re ff  ( 2 .1 )
where:
Tu_ref= 2 9 8  K  
P r e f -  1 a t m
S l,r e f  ~  B m  + B l (0 -  < M 2 
y -  2.18 -  0.8(<f>- 1)
/? = -0.16 + 0.22(4>- 1) 
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Figure 2.2. The effects o f equivalence ratio and temperature on the laminar flame speed o f 
propane-air mixtures at atmospheric pressures using the Metghalchi and Keck [1982] 
correlation.
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Figure 2.3. The Effects o f  pressure on laminar flame speed o f propane-air mixtures with 
varying equivalence ratios at 298 K using the Metghalchi and Keck [1982] correlation.
2.1.3 Turbulence and Flame Propagation
Turbulent flow is inherent with flow in a duct as a consequence o f  the zero velocity at the 
wall and non-zero velocity at the duct centreline [Wamatz et al. 1999]. Typically three 
length scales are used to describe the eddy size o f  turbulent flow. The integral length scale, 
/0, is characteristic o f  the large eddies in the flow o f the order o f one-sixth o f the height o f the 
duct. The intermediate Taylor length scale, X, is the characteristic size o f smaller eddies 
where the velocity gradients are large enough for viscosity to have an effect in the dissipation 
o f turbulent kinetic energy. The Kolmogorov length scale, q, is the characteristic size o f  the 
smallest dissipative eddies as determined by the rate o f kinetic energy dissipation.
16
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Turbulent flow is also characterized by the intensity o f the fluctuations o f the flow velocity. 
The turbulence intensity, v', is defined as the root mean square of the velocity fluctuation. 
With the flame thickness given as If,  a regime diagram can be created:
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Figure 2.4. Regime diagram for premixed turbulent combustion [Adapted from Wamatz et 
al. 1999; Peters 2000],
The regime diagram shows the different flame profiles of a flame front in a flow. The 
laminar flame is divided into laminar plane flames and wrinkled laminar flamelets. 
Turbulent flames are divided into three regions: the ideally stirred or broken reaction zone; 
the distributed reaction zone; and the wrinkled flamelet regime, where the flame thickness is 
less than the Kolmogorov scale eddies. In the wrinkled flamelet regime, laminar flame 
propagation dominates over flame front corrugations by turbulence [Peters 2000].
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2.1.4, Flame Propagation in a Duct
A simplified diagram of the flame front propagating in a duct is presented below. At 
ignition, a flame kernel forms around the ignition source. The initially stagnant unbumed 
reactant gas does little to affect the flame propagation in the initial stages. The kernel 
expands spherically outward until it reaches the duct walls. The flame speed (v) is mostly a 
function o f mixture composition, pressure and temperature at this point. After the flame 
front expands to the duct walls, the flame can only move in the axial direction o f the duct. 
The expansion o f the burned gas increases the flame propagation speed by ‘pushing’ the 
flame front forward in the direction o f the unbumed gas. The flame front speed is then 
comprised of two dominating components: the laminar flame speed ( S l )  and the speed due to 
the expansion of the burned gas ( v e ) .  A s  the speed o f the flow increases due to the expansion 
of the product gas, the flow makes a transition to the turbulent regime. Because the duct is 
closed, the expansion o f the burned gas results in a simultaneous compression of the 
unbumed gas. This triggers an oscillatory movement of the burned product gas and the 
unbumed gas that causes the flame front to oscillate, travelling forward and in the reverse 
direction.
'■'-v Flame-Front
VE ^ SL V
Burned Gas Unbumed Gas
Spark plug g (J
Figure 2.5. Diagram of the flame in the spark end o f a closed rectangular duct.
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2.1.5 The Tulip Flame
The tulip flame is an interesting phenomenon of flame propagation in tubes. Named by 
Salamandra et al. in 1959, the tulip flame is a distinctive inversion to the direction of 
progression of the flame. The centreline o f the flame appears to slow down and even travel 
in the reverse direction as the flame front fingers forward. Many mechanisms have been 
proposed to explain these cusps. In early trial experiments, it was found that there is more 
than one of these inversions along the duct length.
2.1.5 Instabilities of Flame Propagation
A planar shape for a flame front propagating through a duct is not a stable state. A number 
of factors contribute to the instability the flame front shape and are summarised:
Convection from the relatively cold wall contributes to the instability o f the flame front. The 
pressure rise o f the unbumed mixture due to combustion in a closed chamber increases the 
temperature of the mixture. The non-uniform heat transfer from mixture to the walls causes 
instability. In addition, with the combustion temperature in the thousands o f degrees, heat 
transfer across the flame front is immanent. This difference in temperature across the flame 
front causes thermal-diffusive instability [Williams 1985].
The product gas causes instability due to a hydrodynamic effect of thermal expansion. This 
instability is called the Darrieus-Landau instability [Williams 1985]. Instability can also 
result from buoyancy effects [Williams 1985]. Due to the difference in density of the burned 
and unbumed gas, the stability o f the flame front in the bend section and vertical section is 
compromised.
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2.2 Experimental Apparatus
The apparatus in this experiment succeeded work completed on the previous apparatus of 
McAlary [1999], Daws [2000], Sobiesiak et al. [2000] and Bottoie et al. [2002]. 
Improvements in the design, fabrication and experimental procedures allowed for more 
accurate testing. This section will introduce the apparatus used in the fundamental study of 
flame propagation.
2.2.1 Flame Propagation Duct
The main apparatus for the experiment was the Flame Propagation Duct (FPD) illustrated in 
Figure 2.6 and pictured in Figure 2.7. This FPD consisted of a straight section followed by a 
bend section and a straight end section. The duct maintained a rectangular cross-section: 
height = 2.54 cm x width = 5.08 cm (1x2 inches). The straight section was 172.72 cm (6 8  in) 
long while the bend had a centerline radius of 6.35 cm (2.5 in). The straight end section, at 
the end of the 90° bend, measured 30 cm, before a variable exit area opening that was closed 
throughout this study. The duct was machined out of aluminum with steel clamping bars to 
allow for proper clamping strength for the O-ring cord seals. The sides o f the duct were 
fabricated out of 12.7 mm (0.5 in) thick Lexan for optical access. To allow the use of 
schlieren imaging apparatus, Lexan was used instead of Plexiglas because fibers in Plexiglas 
distort schlieren images. Lexan proved to have minimal distortion o f the image. Full 
specifications can be found in Appendix A. 1
The main design consideration in developing this duct was to minimize the number of joints, 
which was the cause o f leakage in the previous work [McAlary 1999], The goal was to have
20
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one continuous seal on each window for each side o f the duct. Provision was also made to 
allow for the installation o f filament wires, before the bend section, by using nylon plugs, 
which could be easily replaced and interchanged. The duct was tested to withstand a 
pressure in excess o f 280 kPa (40 psi) and a vacuum pressure of less than 2.8 kPa (0.4 psi).
The duct was mounted on two steel cylindrical stands with square bases for stability and to 
minimize vibration. The stands incorporated an adjustable height mechanism that included 
bearings for simple adjustment. The base was mounted on casters so the duct could be easily 
repositioned axially for successive schlieren images.
Straight Section 173cm Spark End








Figure 2.6. Diagram of the flame propagation duct.
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Figure 2.7. Photograph of the flame propagation duct.
2.2.2 Ignition System
The flame propagation inside the FPD was initiated by an ignition system shown in Figure 
2.8. The ignition system consisted of a high voltage transformer, a switch and a modified 
automotive type spark plug. The transformer was a common model found in gas or oil-fired 
home heating furnaces. This particular unit operated on 120 V AC, and output 
approximately 10 000 V DC with a current rating of 20 mA. It had a standard 120 V 
grounded power plug. The electrical discharge was transferred to the spark plug by way of 
high voltage insulated wire.
The spark plug, modified to insulate it from the duct, is illustrated in Figure 2.9. A regular 
sparkplug relies on the frame, in which it is plugged into, to be grounded. This makes the
22
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whole frame 'live' causing a safety hazard as well as interference to other instrumentation. , 
This sparkplug was modified by removing the ceramic core and inserting a ceramic dowel 
that had two through holes. Steel welding wire was inserted in the holes to make the 
electrodes. The wire, ceramic core and metal casing were sealed together using a non- 
conductive silicon sealant.
The spark was controlled by TTL-type optical switch that was triggered by an output signal 
from the data acquisition board through a BNC connector and coaxial cable and managed by 
National Intruments' Lab View software. The trigger box had a 120 V grounded input plug as 
well as an out plug for the transformer. The optical switch ensured that the triggering circuit 
and the DAQ board are insulated from the high voltage o f the transformer. Therefore, no 
electro-magnetic noise from the spark plug interfered with the data collection. The trigger 
box also had a manual override button for manual operation.






6 . Flame propagation duct.
7. High-speed recorder.
8. CCD camera.
Figure 2.8. Schematic of ignition system and computer video acquisition system.
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1. Electrodes.
2. Spark plug casing.
3. Ceramic dowel insulation.
4. Housing.
5. Silicone filling insulation.
6. Electrode terminals.
Figure 2.9. Cut-away drawing of the modified spark plug.
Figure 2.10. Photograph of spark plug mounted in the duct.
2.2.3 Gas Mixture Preparation
For safety and versatility, the combustible mixture was prepared on site. The fuel and 
oxidizer are mixed in a chamber before being dispensed to the flame propagation duct.
The purpose o f the gas mixture preparation panel was to prepare a combustible mixture of 
propane and air for use in the FPD. An existing mobile gas mixture preparation cart was 
acquired and wall mounted (Figure 2.11). Mounting the panel on the wall provided more
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accurate measurements as the mirrored gauge was at eye level. The panel contained a 
stainless steel, thick-walled 2250 ml sample cylinder to mix and store the test mixture.
The gauge on the mixture preparation panel was an Ashcroft type 1082 combination vacuum 
and pressure test gauge. The vacuum side of the gauge was delineated in inches o f mercury 
(inHg) while the pressure side was delineated in pounds per square inch (psig), giving an 
accuracy of 0.25% of the full scale. The maximum operational pressure was 700 kPa (100 
psig). Further specifications can be found in Appendix A.2.
A vacuum pump was included with the mixture preparation panel (Appendix A.2). The 
previous vacuum pump had an ultimate pressure between 3.3-6.7 kPa giving an error o f 
approximately 6.7%. A new vacuum pump was acquired with a rated ultimate pressure o f
0.2 kPa and a corresponding error of 0.2%. The new pump also had a higher flow-rate, 
meaning the pump-down t ime is significantly less, typically 10-15 s.
A gas delivery manifold was used to reduce the number of tees and joints required to manage 
the mixture, exhaust, and flushing air. This 5-port manifold, shown in Figure 2.12, also had 
three colour-coded valves to reduce the ambiguity in selecting the valves’ open and closed 
positions. It also had an Omega 4-digit digital absolute pressure gauge. The absolute gauge 
allowed the duct to be filled to a constant pressure regardless o f the atmospheric pressure 
during closed end conditions.
Vehicle Emission-Zero grade air, supplied by BOC Gases, was used as the oxidizer and was 
supplied from a high pressure, industrial gas cylinder. This grade o f air contained minute
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quantities of vehicle emission gases such as CO, CO2, H2O and NOx. I t is  very close to the 
composition of ideal air containing 21% O2 and 79% N2. Vehicle Emission-Zero content 
specifications are found in Appendix A.3.
The fuel was provided in a number o f different cylinders. Instrument Grade 99.5% pure 
propane supplied by Praxair was used as the benchmark test fuel. The other test fuels were 
supplied by Oxylene Ltd. including commercial HD-5 LPG and HD-5 with amounts o f 
unknown oxygenated additives labeled in bottles and denoted as blends A, B, C, and D o f 
4%, 2%, 1%, and 0.5% respectively. For continuity, commercial grade propane and 
instrument grade propane were denoted as 0% and ‘Instr’ respectively. The general 
specification o f commercial propane can be found in Appendix A.4. Because the type o f 
additive is not known, the actual equivalence ratio cannot be calculated. Therefore, the 
equivalence ratio for each blend is calculated with the assumption o f 1 0 0 % pure propane.
1. Mixing chamber pressure gauge.
2. Mixing bottle (behind).
3. Fuel and Air intake valves.
4. Mixture release valve (to manifold).
5. Vacuum valve.
Figure 2.11. Photograph o f the gas mixture preparation panel.
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1. Manifold.
2. Absolute digital pressure gauge.
3. Air flush valve.
4. Vacuum valve.
5. Mixture valve.
6 . Output to duct.
Figure 2.12. Photograph of the gas delivery manifold.
2.2.4 Data Acquisition System and Pressure Measurments
A SCB-6 8  shielded I/O connector terminal box, PCI 6036E data acquisition board and 
Lab View software, all from National Instruments, were used to collect data from the pressure 
transducer and to control various components o f this experiment (Figure 2.8). The board's 
analog output capabilities were used to emit a 5 V TTL-type signal to trigger the spark and to 
initiate the high-speed camera to record the images. The board can sample a maximum of 
200 000 samples per second and had an input range of ±0.05 to ±10 V. It had 2 analogue 
output channels, 16 analogue input channels and 8 digital input/output channels.
Pressure measurements were made from the spark end of the duct. A PCB ICP® (Integrated 
Circuit Piezoelectric) acoustic/turbulence low-pressure voltage mode sensor measures the 
dynamic pressure in the duct caused by the propagating flame. The ICP sensor had a built-in 
microelectronic signal conditioner, which outputs a low-impedance voltage signal. The ICP 
sensor operated from a constant-current signal conditioner. The output, acquired with a data 
acquisition board (DAQ) and processed with Lab View software, was a time resolved array 
that showed amplitude and time. Finally, the array was amalgamated in the respective speed- 
pressure file. Specifications o f the 106B ICP pressure sensor can be found in Appendix A.5.
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2.2.5 Computer Video Acquisition System
In order to make measurements efficiently, a system o f a digital camera, computer and video 
analysis software was used. The charged-couple device (CCD) high-speed Kodak digital 
camera provided frame-by-frame pictures up to a speed of 10 000 frames per second. It was 
necessary to capture a relatively large viewing area when recording the flame propagation 
through the length o f the duct. A frame rate o f 500 fps corresponding with a time step o f 2 
thousandths of a second was used in flame speed investigation because of the limit to the 
image size the camera possesses at greater frame rates. Since the capture area o f the 
projected schlieren image is much smaller, a higher frame rate o f 2 0 0 0  fps was chosen to 
yield a detailed picture. To record the flame speed and schlieren images with greater contrast, 
the test room was completely dark.
A trigger from the computer, generated in Lab View software, started the camera as well as 
the spark in a totally dark room. The image was recorded in the CCD camera through a 12 
mm TV type lens. The images were then transferred from the camera to a Pentium 4 
computer via Matrox Meteor II frame grabber for analysis.
A program was run within Matrox Inspector to detect the flame front and quantitatively 
measure the propagation through the duct. The program digitized the black and white image 
and detected the flame front by examining each pixel. It recognized the curvature o f the 
flame front and output time, centerline position, most advanced position and the average 
position of the flame front. The values were differentiated to find the centerline, most
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advanced and average speed of the flame front. A detailed description of the automated 
video data processing program can be found in Appendix C.
2.2.6 Schlieren Visualization System
Schlieren visualization is a technique that uses light to differentiate density gradients in a 
fluid [Lekki 2000]. The basic principle o f schlieren visualization is that density gradients 
within a fluid cause transmitted light to refract at different angles. Through the use o f 
schlieren apparatus, a columnar light beam can be produced and passed through a 
heterogeneous fluid under investigation. A lens or converging mirror focuses the perturbed 
light beams. Deviations in the angles o f the refracted light beams are amplified by the use o f 
a knife-edge or schlieren diaphragm located at the focal point of the collated light beams. 
The resulting image can be displayed on a screen for recording. Since the schlieren images 
represent the density gradient of the observed fluid, in the absence of a pressure gradient, as 
in a shock wave, the dark area in the leading edge profile is indicative of a large temperature 
gradient. Thus, the leading edge dark area can define the flame front.
The schlieren apparatus used for these experimental investigations was pieced together from 
a previous setup. A schematic is shown in Figure 2.13. Exact matching of mirrors was not 
possible. To account for the different focal lengths o f the mirrors, the apparatus had to be 
modified, by moving the aperture/mirror slide and the diaphragm/mirror slide. Images 
collected from this method were acceptable for qualitative discussion only. As mentioned 
previously, although the Lexan sidewalls provide much clearer results than that of Plexiglas, 
it still caused some distortion of the image.
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Duct test section. 





Flat projecting mirror. 
Knife edge.
Focusing screen.
Figure 2.13. Schematic diagram of the schlieren.
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2.3 Experimental Procedures and Data Reduction
Determining the speed o f the flame and recording Schlieren images was a result o f  a long 
procedure. The procedure for mixing the combustible material was followed for testing all of 
the testing.
2.3.1 Mixture Preparation
The mixture was prepared using the mixture preparation panel by adding the fuel and 
oxidizer in appropriate amounts using the method of partial pressures [Lee 1999]. Through 
basic algebra the partial pressure of fuel and air to be added is given by:
P f  is the partial pressure of fuel, and 
p A is the partial pressure o f the oxidizer.
A spreadsheet was set up in Excel to output the gauge marks, in their appropriate units, to fill
the fuel and oxidizer in the initially evacuated mixing chamber. Further procedure o f the
mixture preparation can be found in the following section.
2.3.2 Experimental Procedure
A consistent experimental procedure was followed throughout the flame propagation study. 
The mixture preparation procedure in the preceding section as well as the computer set up, 
the duct set up, and the testing procedure was followed in both the qualitative schlieren
videos as well as the quantitative flame propagation speed experiments.
Stoich J
(2.2)
p A = p T ■(i + </>-F/Asloici,yi , (2.3)
where:
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Camera setup
1. The CCD camera was set up as follows for the flame propagation speed experiments:
a) The lens mounted the camera was attached to a tripod at duct level approximately 3m 
away from the duct.
b) The camera cable, viewfinder, and power supply were connected to the video 
processor.
c) The camera’s field o f view was adjust such that the full duct was in view and focus.
d) The record mode was set to start mode.
e) The frame rate was set to the desired frame rate (500fps).
f) The image resolution was set to 512x240.
g) The aperture on the camera lens was set to fully open.
Computer setup
2. The <TTL Pressures. vi> virtual instrument in Lab View software was opened.
3. Matrox Inspector software was opened.
Duct Setup
4. The spark triggering system was plugged in and tested, then kept it away from accidental 
ignition.
5. The FPD endplate was positioned to the “sealed” position and the FPD was evacuated the 
using the vacuum pump.
Mixture Preparation
6 . The equivalence ratio, ((>, was selected.
7. Appropriate amounts o f propane and air were allowed to flow into the mixture bottle as 
follows:
a) An equivalence ratio was chosen using the <gas mixing.xls> spreadsheet.
b) The pressure o f propane on the spreadsheet was adjusted to give a round number 
while the total pressure was below, but close to, lOOpsi.
c) The mixing bottle was vacuumed using the vacuum pump.
d) The required amount of fuel was added to the bottle.
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e) Finally, the remaining portion o f the bottle was fill with air. The pressure would 
‘creep’ backwards after the gauge hits its mark. Therefore, small amounts o f air were 
added until the ‘creep’ stopped and the gauge was on the mark.
Test Procedure
8. The FPD was filled with the prepared mixture to a pressure o f 101.3 kPa (14.7 psi).
9. The mixture was allowed to settle in the duct for 1 -2 minutes
10. The view mode on the camera was change to <Rec Ready>.
11. The lights were turned off.
12. The spark, camera and pressure data acquisition were triggered with the 'Play' arrow in 
Lab View program.
13. The lights were turned on.
14. The room exhaust was turned on.
15. The duct was flushed with compressed air using the valve marked 'Air Flush' on the duct 
manifold for 5-10 seconds.
Data collection
16. In Labview: The pressure measurement data was saved to an *.xls file.
17. In Matrox:
a) The sequence icon was selected.
b) The number o f frames to be transferred was entered.
c) The recording from the camera was played back at the FWD30 setting while the 
video was simultaneously recorded in Matrox.
d) The Matrox *.avi file was saved.
18. The test procedure was repeated 3 or 4 times per equivalence ratio for each fuel blend.
2.3.3 Flame Propagation Video Recording and Pressure Measurements
LabView simultaneously triggered the spark, camera and DAQ board to initiate the flame 
propagation, record the video and a pressure trace respectively. For the propagation speed 
part of the experiment, the camera, mounted on a tripod, was positioned approximately 3 m 
from the duct such that the entire duct was in the field of view. The height of the camera lens
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was at the same height as the centre line of the duct. An image o f the duct in the light-was 
recorded for future processing o f the flame propagation speed. In a totally dark room, the 
start sequence was initiated the on the computer. After the flame passed through the FPD, 
the image was replayed in the camera’s memory then transferred to the computer using the 
Matrox Meteor II frame grabber and Matrox Inspector software. The video was stored on the 
PC and backed up on CD.
Pressure measurements were made using a PCB piezoelectric pressure transducer. The 
transducer, with a sensitivity o f 0.00441 V/kPa as given by the manufacturer, was mounted 
in the spark end o f the duct. The sampling frequency of the pressure transducer by the DAQ 
board was set to 1 kHz. LabView software recorded 2000 samples in an Excel data file. The 
output voltage was converted to pressure using the following formula:
pressure[kPa-\ = {0U,pU,- inma' m  (2.4)
sensitivity[V / kPa]
The pressure array was merged with the corresponding speed data file to create a file called
Speed-Pressure Data.xls.
2.3.4 Schlieren Imaging Video Recording
The Schlieren apparatus was set up as per the schematic in Figure 2.13. The set up was very 
delicate and required an appreciable amount o f time to achieve a satisfactory result. 
Nevertheless, adequate images were obtained through this method. Similar to the flame 
propagation video recording, LabView software simultaneously triggered the spark and the 
schlieren imaging video recording. A number o f factors dictated the camera’s position to 
record the images. To record at a high frame rate, a relatively small image was required.
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Thus, the camera was positioned approximately 60 cm from the focusing screen level with 
the projected image. Error due to parallax was unavoidable in this instance. The images 
were recorded at frame rates of 2000 fps or 3000 fps and saved to the PC as per the flame 
propagation video recording.
2.4 Results and Discussion
Experimental trials were conducted for various mixtures and blends o f propane and air. Four 
blends o f propane with additives as well as commercial grade and instrument grade propane 
were tested over a range of three equivalence ratios: ((>=1.1, <(>=1.0, and <(>=0.8. This section 
will present the results obtained and attempt to link the test results with principles of 
combustion and fluid dynamics. General observations will be made commenting on the 
flame propagation from the start sequence through flame inversions in the straight section 
and finally flame propagation through the bend section. The results o f the flame propagation 
experiments illustrating the effect of equivalence ratio and the effect o f additives will also be 
discussed. A complete composite o f images is presented in Appendix D while a complete 
set o f the results o f the flame propagation study is presented in Appendix E.
2.4.1 General Observations
The general observations discussed in this section refer to instrument grade propane with an 
equivalence ratio o f 1.1 at an initial pressure o f 101.3 kPa. These results will provide a basis 
o f comparison for other equivalence ratios and fuel blends. Observations undetectable to the 
naked eye were seen with the use of a high-speed camera and schlieren imagery while the
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pressure measurements were made with the pressure transducer located in the spark end. 
Direct capture of the flame propagation is shown in Figure 2.14.
The flame position and time data were generated from this direct capture method. The flame 
search program detected the curved flame front and output the results o f the most advanced, 
average and centreline flame position. The difference in the results was negligible since the 
number o f pixels across the height of the duct was approximately seven. Thus, the resolution 
was not sufficient to capture the true vertical profile of the flame front. Thus, the most 
advanced point o f the flame was chosen as the measurement standard throughout this 
experiment.
2.4.1.1 Ignition and Flame Inversions
The video capture and the initiation of the spark were simultaneously triggered via the 
computer. Since the spark was triggered by AC voltage that alternates at 60 Hz or 0.0167 
seconds for a complete cycle, the voltage reaches a maximum magnitude every 0.008 
seconds. Thus, there was a slight delay before the spark is initiated. After the spark was 
initiated, a smooth round flame kernel forms and expands relatively slowly. The flame 
kernel had little influence from the duct walls and pressure gradients at the initial stage of 
propagation. Gradually expanding as it reached the duct walls, the spherical flame kernel 
became a parabolic flame front and propagated more rapidly. The smooth flame front 
pushed forward and maintained a parabolic shape after reaching the duct walls. The forward 
movement of the flame front was initially influenced by two factors: the flame speed and the 
expansion of the hot burned gas.
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Figure 2.15 shows a sequence of schlieren images o f the initial flame propagation. The 
images were taken with an interval of At = 0.33 ms and show the first 5 cm o f the duct. The 
electrodes for the spark are visible as a shadow in the latter images. The spherical flame 
kernel was visible expanding to the rear wall at t = 3.33 ms and the top walls at t = 3.67 ms. 
The former flame kernel, now a flame front, propagated more rapidly maintaining its 
parabolic shape through t = 11.67 ms.
Soon after the initial acceleration o f the flame front, the flame front slightly decelerated as 
the flame front flattened. At this time, the flat flame front accelerated while developing a 
biaxial cusp. Still smooth, the lobes propagated forward as the cusp remained stationary. 
This split flame or tulip flame preceded a collapse where the flame front rapidly decelerated. 
As the flame front decelerated, the unbumed mixture o f the cusps was consumed by the 
flame and a new flame front emerged, disseminating outward from where the cusp was 
originally positioned. Although not as smooth, the flame front continued to propagate 
forward similar to the initial propagation sequence. The flame made a transition from a 
laminar flame front to a laminar wrinkled flame front as described in the regime diagram of 
Figure 2.5.
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Figure 2.14. Direct capture o f the flame propagation in the straight section of the 
duct. At=2ms for instrument grade propane at <j)=l. 1.
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Figure 2.15. Ignition sequence o f instrument grade propane at <j)=l.l captured at 3000fps (At=0. 33ms).
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The images in Figure 2.16 (a) show the parabolic flame front flatten at t]—4.5 ms. After 
this point, the axial cusps began to form. At ti=8.0 ms, both cusps can be seen as the 
lobes form. The schlieren images of another trial in Figure 2.16 (b) captured the once 
parabolic flame front as the cusp formed 30 cm from the spark end of the duct. The 
images were captured with an interval o f At = 0.5 ms. The lobes remained smooth and 
consistent while the cusp remained relatively stationary as the flame front accelerates 
through this sequence.
Figure 2.16 (c) shows a different trial recorded from the successive position shown in 
Figure 2.16 (b). The figure shows the flame front decelerated and actually became 
stationary as the cusp became narrower. As the unbumed mixture of the cusp was 
consumed, a flame kernel develops at t3=4 ms and expanded outward. The unsmooth 
surface of the flame front after this first flame inversion is shown clearly at t3= 1 0 .0  - 11.0  
ms.
The flame front continued to propagate forward while experiencing less energetic and 
more irregular flame inversions through the straight section. The depth of the cusp was 
significantly smaller and the surface of the lobes was more irregular than the first flame 
inversion. Figure 2.16 (d) shows the captured schlieren images of the second inversion, 
89-102 cm from the spark end of the duct. The flame front was initially parabolic in the 
first 2 milliseconds, flattened at t4=2 .5  ms and developed a cusp at t4=3 .0  to 4.0 ms. Note 
that since the lobes are asymmetric, at t4=3 .0  to t4=4 .0  ms, four lobes are visible. The
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flame appears to move backward at t4=6 .5  to 8 ms,., before accelerating forward once 
again.
Close to the bend section, the flame front propagated slowly forward in an organic 
motion, comparable to the pulsating movement o f an amoeba micro-organism. The flame 
front has an irregular surface made up of many cusps and smooth bumps that progress in 
a pulsating action. The flame can be classified as part of the corrugated flame regime o f 
o f Figure 2.4. Images (d) and (e) o f Figure 2.17 are images that clearly show the multi­
cusp flame-front near the bend section. The unpredictable bend entry profile is in 
agreement with the observations o f Daws [2000],
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Figure 2.16. Sequence o f schlieren images taken at 2000fps using instrument grade propane 
at <j>=l.l (At=0.5ms). Each sequence of images is from a different trial.
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Figure 2.17. Schlieren images of the flow structure o f the unbumed and burned mixture 
just before the bend during one trial for instrument grade propane at <j)= 1 .1 .
2.4.1.2 Bend Section
The schlieren images obtained within the bend section were similar to the results 
obtained by McAlary [1999], however, with the height of the duct only 2.54 cm, the 
vertical profile o f the flame is much smaller. The flame is slightly affected by the bend, 
maintaining a multi-cusp pulsating front as in the straight section. Figure 2.18 shows the 
flame initially favoured the inner part o f the bend at fl=7 ms and showed little bias upon 
exit. The speed within the bend section is relatively low, as a result, centrifugal and 
buoyancy effects are diminished by the oscillating flow.




Figure 2.18. Schlieren images of flame propagation through the bend section captured at 
lOOOfps using instrument grade propane at cj)=l .1 (At=lms).
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2.4.13 Flow Structure
Schlieren images captured downstream of the flame front show there was a flow present
..rt :•'?
prior to the flames arrival. The flow was induced by the expansion and the contraction of 
the product gas coupled with compression o f the reactant gas. The schlieren images also 
show an interesting result: the density o f the unbumed mixture ahead o f the flame front 
shows fringes as shown in Figure 2.17. It was expected that the temperature o f the 
unbumed mixture would increase since the maximum pressure rise in the duct is 
approximately twice the initial pressure (shown in section 2.4.2). As the duct walls 
maintain a constant temperature, the density gradient was partially attributed to 
convective heat transfer. This density gradient was not seen the in the unbumed mixture 
tulip flame formation images of Figures 2.16 (a) and (b) since the initial pressure rise is 
low and the unbumed mixture is less disturbed. In addition, the same phenomenon 
occurs in the burned mixture at the spark end when the flame front reached the end o f the 
duct.
The upstream flow characteristics o f the product gas appeared to progress through 
different flow regimes according to the schlieren video. Immediately after the flame, a 
violent wake followed by a smooth uniform phase was visible. The violent wake was a 
result o f convective mixing of the hot product gas following combustion. After the 
violent wake dissipates, a steady progression of pulsating flow was evident by movement 
of an apparent cellular structure. This inhomogeneous density regime was similar to the 
one experienced ahead o f the flame front close to the bend section as discussed in the
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downstream flow. This occurrence of the in homogeneous density regime is illustrated in 
Appendix D, Figure D.2.
2.4.2 Speed and Pressure Fluctuations =
Individual trials o f the flame propagation speed are plotted against the axial distance from 
the spark end o f the duct. A typical result is shown in Figure 2.19 (a). From the plot, it is 
clear that for all trials, the flame propagates in a repeatable pattern for the first 0.5 m. 
After which, the propagation became much less uniform and/or predictable. The local 
minimum flame propagation speeds experienced corresponded with the change in 
acceleration of the flame as discussed previously. The distance between flame inversions 
became less as the flame progressed through the duct. As the flame approached the bend 
section, the magnitude o f the speed decreased before increasing again within the bend 
section. Figure 2.19 (b) shows an exploded view of trial 2. The parabolic flame 
development began at ignition and continued for the first 20 cm of the duct. As the flame 
front decelerated, it developed a flat profile. The first major speed cycle ended where the 
flat flame occurred. This point is pictured in Figure 2.16 (a) at ti=6.5 ms. The split flame 
development occurred as the flame speed increased to the second local maximum speed 
point. The increase is represented by the dotted line in Figure 2.19(b) and pictured in 
Figure 2.16(b). The split flame collapsed as the flame decelerated from 17 to 33 cm, 
represented by the dashed line in Figure 2.19(b) in this particular case, before undergoing 
an acceleration directional change. The flame’s acceleration directional change is 
highlighted in Figure 2.19(b) and is pictured in Figure 2.16 (c) at t3=5.5 ms.
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The pressure at the spark end was recorded for each individual trial. The sample plot in 
Figure 2.20 shows the same four trials of instrument grade propane at an equivalence 
ratio of 1.0 as in Figure 2.19. The pressure in the duct was characterised by two distinct 
attributes. Examining the pressure trace on a larger time scale revealed the pressure trace < 
in the duct consisted o f a two-stage process. The pressure traces in Area A o f the Figure 
2.20(a) show the first o f a two-stage development. Initially at standard pressure, the 
pressure increased until a local maximum. The elapsed time to this local maximum 
pressure coincided to the time to the first local minimum flame propagation speed. 
Afterwards, there was a small decrease in pressure until a local minimum, which 
coincided with the second local maximum flame propagation speed. In the second step 
o f the two-step pressure development, the pressure increased progressively to a global 
maximum before the pressure subsided. Second pressure rise in the duct can be 
explained by the increase in pressure due to the expansion of the hot product gas. As the 
gas cools, the pressure within the duct decreases. Further, condensation on the duct walls 
reduced the water vapour pressure also contributing to the decrease in pressure. On a 
smaller time scale, the entire pressure trace was characterised by small pressure 
fluctuations. These fluctuations are believed to correspond to the natural harmonic 
frequencies of the duct. The resonant frequencies in the duct can be modeled by the 
resonant frequencies,/ in a closed tube, given by [Halliday et al. 1993]:
/ = ~ « ,  for n = 1, 2, 3,... , (2.5)
where:
c is the speed of sound (-343 m/s at test conditions), 
n is the harmonic number, and 
/ is the centreline length of the duct (2.125m).
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Therefore, the resonant frequencies o f the duct are integer multiples o f approximately 
80.7 Hz. The frequencies o f the pressure fluctuations can be revealed by counting the 
number o f pressure cycles in over a time o f 0.1s in the exploded view in Figure 2.20 (b). 
Trial 1 experienced 24 complete cycles while trials 3 and 4 experienced 17 cycles. The 
number o f cycles for trial 2 was inconclusive for this interval. As a result, at 240 Hz, trial 
1 had approximately the same frequency as the third fundamental resonant frequency o f 
the duct. Likewise, trials 3 and 4, at 170 Hz, had a similar frequency as the second 
resonant frequency o f the duct. The pressure fluctuations also increased in magnitude as 
the flame reached the end of the duct. It is worth noting that the resonant frequencies in 
the duct are not constant as the pressure, density, temperature and molecular composition 
all change in time.
Figure 2.21 illustrates the correlation between the pressure fluctuations measured at the 
spark end of the duct and the flame propagation speed. The graph depicts the initial 
pressure peak corresponding with the local minimum flame speed. The maximum duct 
pressure occurs when the flame reached the end of the bend section according to Figure 
2.21(b). Examining Figure 2.20 finds the pressure trace of trial 1 is definitely different 
than the others with a much lower peak pressure and the existence o f multiple local 
maximums. The slower mean speed of trial 1, as the flame propagated toward the bend, 
is coupled with the higher fundamental frequency of pressure. A simultaneous plot of 
speed and pressure versus distance for trial 1 can be found in Appendix E: Figure E.74.
Gonzalez [1996] proposed that acoustic waves trigger the formation of the tulip flame. 
However, there is only evidence of a proper tulip flame for the first one or two flame
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inversions. Additionally, because o f this relationship, and the temporal resolution o f the 
pressure measurements being twice that o f  the speed, it can be said that there was no 
aliasing o f the distance measurements.
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Figure 2.19. An example o f  typical plot o f  (a) speed versus distance with (b) an exploded 
view o f the first flame speed cycle for trial 2  for instrument grade propane at (|>=1 .0 .
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Figure 2.20. An example o f typical plot o f pressure versus time. Area B is exploded in 
(b) for four trials at ((>=1.0 , using instrument grade propane.
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Figure 2.21. Example o f simultaneous flame propagation speed and pressure plots versus
(a) time and (b) distance for the fourth trial o f ((>=1.0  for instrument grade propane.
2.4.3 Effect of Equivalence Ratio on Flame Propagation
It is well documented that the equivalence ratio is a definitive factor in laminar flame 
speeds. The following are the results o f experiments conducted to investigate the role 
equivalence ratios have on flame propagation in a duct.
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The propagation sequence was initially composed o f laminar flame propagation. 
Therefore it was expected that the initial flame propagation speeds would be greater for 
an equivalence ratio o f 1.1 since that is close to the point o f maximum laminar flame 
speed for propane in air [Metghalchi & Keck 1982; Lee 1999; Wamatz et al. 1999]. 
Fundamentally, the laminar flame speed is related to the flame temperature. Thus, a 
greater laminar flame speed results in a higher combustion temperature and greater 
expansion o f the product gas. Furthermore, the turbulent flame speed is sum o f the root 
mean square o f  the fluctuation and the laminar flame speed. Thus, with all else being 
equal, the turbulent flame speed will be greater for a greater laminar flame speed.
2.4.3.1 Flame Propagation Speed versus Distance
Figure 2.22(a) shows typical results o f the flame propagation speed versus distance from 
the spark for one trial o f each equivalence ratio 0 .8 , 1.0 , and 1.1 for instrument grade 
propane. These particular trials were subjectively chosen as the median results. It is 
quite clear that the flame propagation speed o f  (|>=0 .8  was initially much lower through 
the first two flame inversions. The flame at this equivalence ratio progressed without 
extraordinary fluctuations until it reached the bend section. The same trials are presented 
Figure 2.22(b), with the propagation speed non-dimensionalised with respect to the 
laminar flame speed for initial conditions at the respective equivalence ratios. The first 
two flame inversions o f <j>=0.8 followed much closer to <(>=1.0 and ()»=T.l before 
continuing at a relatively constant speed. Even though the flame propagation speed 
appears slow after the second inversion until the bend for <j>=0 .8 , it is still 2 0  times greater
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than the laminar flame speed. The flame propagation speeds for (f»=l.l and <{>=1.0 
continued to fluctuate violently until the flame approached the bend section. For <}>—1.1, 
the fluctuating flame propagation speed continued through the bend. Conversely, the 
overall propagation speed increased for <j>=1.0  and <{>=0 .8 , at the same time as the 
instantaneous speed fluctuations increased as the flame propagated through the bend.
p h i =  1.1 
p h i = 1 .0











Figure 2.22. The effect o f equivalence on: (a) the flame propagation speed and (b) the 
flame speed normalized by the Metghalchi & Keck laminar flame speed versus distance 
from the spark for <{>=1.1 and instrument grade propane.
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2 . 4 3 . 2  Flame Propagation Speed and Pressure
The pressure trace o f the trials o f (f>=l.l are presented in Figure 2.23. The local 
maximum pressure for each trial at each equivalence ratio remained relatively constant. 
It is the second step o f the pressure trace development that exhibited distinctiveness as a 
result o f equivalence ratio. In a larger time scale after the first consistent and repeatable 
local maximum pressure, the rate o f increase in pressure is much less for <j)=0.8. The 
maximum duct pressure reaches approximately 100 kPa for (j>=0.8 compared to 175 kPa 
for most o f the trials at <j>=1.0 and <j)=l.l. Trial 6  for <j>=1.0 in Figure 2.23(b) may be a 
result o f excitation o f a higher natural frequency o f the duct. In that case the increased 
oscillation of the fluid in the duct caused a slower flame propagation speed.
Figure 2.24 shows the relationship between speed and pressure continued regardless of 
the equivalence ratio. The local maximum pressure peak corresponded with the first 
flame inversion. The pressure increased as the mean speed decreased close to the bend 
section. Even at (j>=0.8, when the pressure fluctuations are small, the relationship 
between pressure fluctuations and speed fluctuations can be seen after 0.7 s in this 
particular case.
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Figure 2.23. The effect o f equivalence ratio on the duct pressure: (a) <j)=0.8, (b) (|)=1.0, 
and (c) <j)=l.l for instrument grade propane.
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Figure 2.24. The effect o f equivalence ratio on flame propagation speed and duct 
pressure for instrument grade propane: (a) <(>=0 .8 , (b) <(>=1 .0 , (c) <(>= 1.1 .
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2.43.3 Overall Average Propagation Speed and Pressure
The mean value o f the overall average speed o f individual trials for three equivalence 
ratios of instrument grade propane is presented in Figure 2.25. Figure 2.25(a) shows the 
individual data points (represented by asterisks) o f the overall average speed as well as 
the average and standard deviation for each (represented by squares and error bars). The 
OAS/SL curve in Figure 2.25(b) represents the overall average propagation speed 
normalized by the laminar flame speed. For comparison, the laminar flame speed is also 
shown on the opposite axis. The overall average speed increased with increasing 
equivalence ratio for the ratios tested in this study as did the standard deviation.
The mean value and the standard deviation o f the average duct pressure are shown in 
Figure 2.26 for instrument grade propane. The average pressure increased with 
increasing equivalence ratio over the three equivalence ratios examined. At <j)=0.8, the 
average pressure at the spark end of the duct is just below 60 kPa and increased to 84 kPa 
at <j)=1.0 before reaching 91 kPa at <(>=1.1. The overall average speed and the overall 
average pressure both increased as the equivalence ratio increased. Thus, it can be said, 
the laminar flame speed was a driving parameter behind the flame propagation speed and 
the pressure rise.
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Figure 2.25. The effect o f equivalence ratio on overall average speed for instrument 
grade propane. The mean and coefficient o f variation are shown in (a); The overall 
average flame speed normalized by the Metghalchi & Keck laminar flame speed 
(OAS/SL) and the laminar flame speed are shown in (b).
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Figure 2.26. The effect o f equivalence ratio on the overall average pressure and overall 
average propagation speed for instrument grade propane.
2.43.4  Magnitude, Time and Position of Local Critical Points
Because the flame propagated in a fluctuating manner, details o f  the flame inversions 
were o f particular interest. The critical points are the local maximum and minimum of 
the flame propagation speed. The average magnitudes o f the local maximum propagation 
speeds are shown in Figure 2.27 (a). The coefficient o f variation for these speeds was 
less than 5%. The magnitude o f the first local maximum speed is greater or equal to the 
second for each o f  the tested equivalence ratios. After non-dimensionalising the 
magnitude with respect to the laminar flame speed in Figure 2.27 (b), the magnitude o f 
the first local maximum as well as the second local maximum speed increases linearly 
from <j)=0.8 to <(>=1.1. The second local maximum speed is greater than the first for (|>=0.8 
and <j>=l.l while the third local maximum speed is greater than the first two for 
equivalence ratios greater than unity.
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Figure 2.27. The effect o f equivalence ratio on: (a) the local maximum flame speeds and
(b) local maximum flame speeds normalized by the Metghalchi & Keck laminar flame 
speed for instrument grade propane.
The mean value o f the position o f the first, second and third local maximum and 
minimum propagation speed is shown in Figure 2.28. For all o f the equivalence ratios, 
the flame decelerated to the first local minimum in a shorter distance than it accelerated
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to the first local maximum speed. Conversely, for cj)=0.8, the flame front accelerated to 
the second local maximum propagation speed faster than it decelerated. For <j)=1.0 and 
<(>=1.1 the distances between critical points remained relatively constant for the first three 
flame inversions. The standard deviation o f the distance was less than 2 cm for most o f 
the trials.
The elapsed time o f the critical points is plotted in Figure 2.29. The elapsed time to the 
first maximum speed was equal for the equivalence ratios <}>—1 .0  and t)>—1.1 at 
approximately 0.025 s. The elapsed time to the first maximum for <(>=0.8 was 0.031 s. 
Other than the elapsed time for the first maximum, the subsequent interval time between 
maxfmnms and minimums were within ± 2  ms for each equivalence ratio.
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Figure 2.28. The effect o f equivalence ratio on distance to maximum and minimum for 
instrument grade propane.
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Figure 2.29. The effect o f  equivalence ratio on interval time between local maximum and 
minimum flame speed for instrument grade propane.
2.43.5 Components of Flame Speeds
The flame propagated through the duct at speeds much higher than the laminar flame 
speed. Therefore, other factors such as the expansion o f  the burned gas and the flow- 
induced turbulence must have played a role in the increase o f the flame speed. In an 
attempt to quantify the factors affecting the increased flame speed, the expansion factor 
can be obtained from considering a volume o f unbumed product gas. If  this volume is 
ignited and burned, the ratio o f the initial volume and the final volume is the expansion 
factor, E. Relating the initial and final volumes with the ideal gas law and noting that the 
mass remains constant, the following equation is obtained:
Vx Rt Tx P2
where the subscripts 1 and 2  represent the unbumed and burned conditions respectively.
(2 .6)
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To find the expansion factor, simplifications can be made such as: the universal gas 
constant for the burned and unbumed gas is approximately equal since the dominating 
component o f the mixtures is nitrogen; the pressure rise due to combustion is negligible; 
and the burned gas temperature is 2 1 0 0  K which is just less than the adiabatic flame 
temperature. Thus the expansion factor reduces to approximately:
S . ™ ° = 7 ,  (2.7)
300
The component o f speed attributed to the expansion factor, Vg, is:
ve ^ S v E. (2 .8 )
Since the flame propagation speed is composed of the laminar flame speed, the expansion 
factor and the flow-induced turbulence intensity, the turbulence intensity, V, is as 
follows:
v' = v - v E - S L, (2.9)
where:
v is the flame propagation speed,
ve is the component o f the flame speed due to the expansion factor, E, and 
SL is the laminar flame speed.
Using the above assumptions for a lean mixture o f (j>=0.8 with a maximum flame
propagation speed o f 15 m/s for the first inversion, the component of the flame
propagation speed due to expansion is approximately 2.1  m/s leaving the component of
flame propagation speed due to turbulence is approximately 1 2 .6  m/s.
2.4.4 Effect of Fuel Blend on Flame Propagation
The main focus o f this study was to determine if the addition o f additives altered the 
flame propagation. An unknown oxygenated-hydrocarbon additive in the amount of 4%,
63
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2%, 1% and 0.5% was added to commercial grade propane and tested. According to 
Stone [1999], the laminar flame speed is 7% greater for methanol than for propane at 
(j)=l.l although, it is the same for ^ Q .8 . Thus, it would be expected that an addition of 
methanol, which was assumed to be a constituent of the additive, would show an increase 
in the flame speeds at stoichiometric and slightly rich equivalence ratios in this 
experiment. The x-axis error bars represent the experimental uncertainty o f the 
equivalence ratio and the y-axis error bars represent the standard deviation o f the mean 
values for instrument grade propane in the following sections.
2.4.4.1 Overall Average Speed and Pressure
The mean value of the overall average speed is shown in Figure 2.30. For an equivalence 
ratio of 0.8, the results for blends 0.5% and instrument grade propane were close to 2.4 
m/s. They achieved a greater overall average speed than the remaining blends at 
approximate 1.5 m/s. Again, the 0.5% additive blend and instrument grade propane 
showed similar results at an equivalence ratio of 1 .0 , recording an overall average flame 
speed near 5.5 m/s while the results o f the remaining blends were more spread. For this 
equivalence ratio, the 1% additive blend followed 0.5% and instrument grade propane 
with an overall average speed of 5 m/s with 0% additive at 4.5 m/s, 2% at 4.25 m/s and 
finally 4% at 2.5 m/s. Thus, looking only at the additive blends, the speed in increasing 
order was 4%, 2%, 1% and 0.5%. At an equivalence ratio o f 1.1, a new pattern of results 
emerged. Instrument grade propane recorded the largest overall average flame speed just 
over 7 m/s followed by 5% at 6.2 m/s, 0% at 5.7 m/s, 0.5% and 1% just under 5 m/s and
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2% at 4.5 m/s. The overall average speed increased for all but 1% through the 
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Figure 2.30. The effect o f  equivalence ratio on the overall average flame speed for six 
blends.
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Figure 2.31. The effect o f  equivalence ratio on the overall average pressure for six 
blends.
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The overall average pressure for the equivalence ratios o f 0.8, 1.0, and 1.1 are plotted in 
Figure 2.31. As with the overall average speed, the pressure for 0.5% and instrument 
grade propane at ^G .8  lie above that o f the rest of the blends 4%, 2%, 1%, and 0%. 
Again with the exception of 1% and 0.5%, the average pressure increased through the 
equivalence ratios of 0.8, 1.0, and 1.1. The plot of the overall average pressure very 
much resembles that of the overall average speed.
2.4.4.2 Magnitude, Time and Location of Local Critical Points
The local critical points were investigated and plotted in Figures 2.32 through Figure 
2.35. For and equivalence ratio o f 0.8, the 0.5% mixture and instrument grade propane 
achieved the greatest first local maximum speed at 18.2 m/s and 17.8 m/s respectively. 
They were followed by the 0% additive mixture at 16.0 m/s through 2%, 4% and finally 
the 1% additive mixture at 14.1 m/s. This was a pattern very similar to that of the overall 
average speed at 0.8. At <j>=1.0, 2%, instrument grade propane and 1% additive mixtures 
were all above 25 m/s while 0.5% and 0% were above 24 m/s. The 4% additive blend 
recorded only 21.4 m/s for the magnitude of its first local maximum speed. Figure 
2.32(c) shows 4%, 0.5%, 0% and 1% all within 1 m/s o f 26 m/s, while 2% and instrument 
grade propane were close to 22 m/s at (j)=l.l.
The trend o f the magnitude o f the second maximum speed was very close to that of the 
first, except the spread of values was larger. For instance, at (f>=0.8, the 0.5% oxygenated 
additive blend recorded 18.2 m/s for the first maximum and 17.3 m/s for the second while 
4% achieved 14.9 m/s for the first maximum and 9.1 m/s for the second. As a whole,
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there is there was less degradation o f the second magnitude at <j)—1.0 and <j>=l.l than at 















Figure 2.32. The effect o f equivalence ratio and fuel blend on (a) the first maximum 
flame speed, and (b) the second maximum flame speed.
The elapsed time to the first local maximum is shown on Figure 2.33. The elapsed time 
to the first maximum appears to be vary consistent amongst blends at <(>=1.1 where the
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results are all within 0.75 ms. The results are less focused at <(>=1.0 and even less so at 
<(>=0.8. At (j)=0.8, when looking amongst additives, the elapsed time until the first 
maximum speed was in increasing order of blends 0.5%, 1%, 2%, and 4%. The results at 
<|)=1.0 were similar, increasing from 1% to 0.5%, 2%, and 4%. The time between 
intervals is compared in Figure 2.34. At <j)=l.l, except for 2%, there was clearly a 
relationship with the deceleration times between the respective first and second 
maximum and the first and second minimum. The same can be said for <j>=1.0 in Figure 
2.34(b). For <(>=0.8 in Figure 2.34(c), the relationship went slightly awry. It was only at 
this equivalence ratio that the interval time to the second maximum was less than the 
interval time to the first and second minimums. That is, the time taken to accelerate to 
the second maximum speed is less than the time taken to decelerate to the first and 
second minimum.
The distance from the spark end to the first local maximum for each equivalence ratio is 
shown in Figure 2.33. The results from this plot do not seem to show any trends amongst 
blends at any equivalence ratio. Figure 2.33(a) confirms that the distance between 
minimum flame speeds decreased from the first to the second. Upon closer examination, 
trends that existed for one equivalence ratio do not appear in the others. For instance, at 
<(>=1.1, the first and second maximum followed the same pattern amongst fuel blends, 
however, at <j>=T.0, the first minimum and the second maximum followed quite closely, 
and at <(>=0.8, it is the second minimum that followed the first maximum.
68







































0.90.8 1 1.1 1.20.7
Equivalence Ratio
Figure 2.33. The effect o f equivalence ratio and fuel blend on elapsed time to first 
maximum flame speed (a) and first flame inversion (b).
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Figure 2.34. The effect o f fuel blend on the interval time between critical points at 
equivalence ratios (a) 0.8, (b) 1.0, and (c) 1.1.
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Figure 2.35. The effect o f additive blend on interval distance between critical points for 
equivalence ratios (a) 0.8, (b) 1.0, and (c) 1.1.
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2.4.43 Fitted Speed Curve and Initial Acceleration
The speed data was examined to determine if the fuel blend affected the acceleration 
characteristics of the flame. A parabolic curve was fitted to each set of data points from 
the start o f the acceleration to the first minimum speed. The equations of the fitted 
parabolas were averaged by averaging the coefficients o f the parabolic equations to yield 
the following equation:
v - c }t 2 +c 2t + c3, (2.10)
where cj, c?,and cs are the average o f the respective coefficients.
Further information o f the determination of the parabolic equations can be found in 
Appendix F. The average parabolic curve fit to the speed for six blends at equivalence 
ratios 0.8, 1.0, and 1.1 are compared in Figure 2.36.
For <(>=0.8, a maximum speed of 16.8 m/s was achieved by the 0.5% mixture followed by 
14.9 m/s for instrument grade propane, 13.5 m/s for 0%, 13.3 m/s, 12.9 m/s and 12.4 m/s 
for 2%, 1%, and 4% respectively.
For (j)=1.0, the maximum speeds of the fitted curves were within 0.2 m/s of 22.5 m/s for 
blend 2%, instrument grade propane, 1% and 0.5% in descending order. 0% and 4% 
were the next highest at 20.3 m/s and 18.7 m/s respectively.
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The maximum speed o f the curve fit for (j)=l.l was lead by the 0% mixture at 23.0 m/s,
0.5% at 22.6 m/s and 4% at 22.2 m/s. With 21.3 m/s and 19.7 m/s, 1% and 2% achieved 
a higher maximum relative speed than 19.0 m/s o f instrument grade propane. Upon 
investigating the parabolic curves fit to the speed o f the first flame inversion, no pattern is 
shown with respect to the amount o f fuel additive.
Differentiating Equation 2.10 with respect to time gives an equation for acceleration:
where a is the acceleration at a particular time.
Thus, the coefficient C2  representing the initial acceleration is compared in Figure 2.37 
for six blends at equivalence ratios of 0.8, 1.0, and 1.1. The trends for the initial 
acceleration follow the trends o f the overall average speed in Figure 2.30. The lean 
equivalence ratio yielded the smallest initial acceleration for all blends. The blend 
containing 0.5% oxygenated additive shows the largest initial acceleration at <t>=0.8 and 
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Figure 2.36. The effect o f fuel blend on the average parabolic curve fit o f  the relative 
speed (a) 0.8, (b) 1.0, and (c) 1.1.
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Figure 2.37. The effect o f  equivalence ratio and fuel blend on the initial acceleration, C2 .
2.5 Sources of Error
Many steps were taken to increase the accuracy o f this experiment, however, some errors 
could not be avoided. The largest source o f error was in the determination o f the 
equivalence ratio. As shown in Appendix B, the uncertainty associated with the 
equivalence ratio is ±0.06. Thus, the two ratios o f 1.0 and 1.1 are within the uncertainty 
values o f each other.
The repeatability o f the data was somewhat suspect. With only three or four trials 
performed at each operating condition, a proper statistical assessment was not possible.
In this study, the flame front, for flame speed analysis purposes, is defined by a light 
intensity exceeding a certain threshold. This may in fact be within one pixel or
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approximately 3 mm of the actual flame front and the criterion is consistent throughout 
the experiment.
The image of the flame front in the flame speed test was subject to error due to light 
saturation and blur due to the movement o f the flame. When light saturates a portion of 
an image, the overexposed portion tends to bleed over the edge creating blurry image 
line. Thus, the flame appears to propagate outside o f the duct walls as the overexposed 
flame bleeds into the surrounding pixels. This problem was relatively unavoidable. With 
a shutter speed o f 1/500 s, the aperture needed to be wide open in order for weak flames 
to be visible in the camera. A faster shutter speed would reduce the blur associated with 
the movement of the image, however, the faster shutter speed would require a larger 
aperture opening in order to capture the correct amount o f light.
Additionally, the distortion o f the flame front image was not only evident in the flame 
speed experiments, but the schlieren imaging as well. The schlieren images experienced 
distortion from a variety o f sources. Although distortion due to imperfections in the 
mirrors were a possibility, however remote, the main sources of distortion were a result 
o f the flex in the Lexan window discussed in section 2.2.6 and the projection o f the image 
on the focusing screen.
2.6 Conclusions
Some conclusions can be drawn from the results obtained in this experiment.
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I. The flame propagated in a duct in a pulsating manner. The magnitude o f the speed 
fluctuations diminished as the flame approached the bend section and increased 
slightly through the bend to the end section.
II. At an equivalence ratio of 0.8, the flame experienced two intense flame inversions 
before continuing on a relatively constant speed. For (j>=1.0 and 1.1, the inversions 
continued throughout the straight section o f the duct.
III. The pressure trace showed two distinct components. A mean value curve that 
consisted o f an initial local maximum followed by a decrease in pressure then a rise 
to the global maximum pressure and a second pressure decrease. Superimposed on 
the mean value curve was a fluctuating pressure curve that corresponded to the 
natural frequencies of the closed duct.
IV. The local maximum of the pressure fluctuations coincided with the time of the first 
minimum of the speed fluctuations.
V. The events o f the first flame inversions triggered a harmonic number of the resonant 
frequency, which determines speed and pressure the characteristics as the flame 
propagates through the duct.
VI. The overall average speed decreased with a decrease in equivalence ratio from 
([>=1.1. In like manner, the overall average pressure decreased with a decrease in 
equivalence ratio from <j>=T.l.
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VII. At (J)=0.8, the magnitude of the local maximum speed decreased for the first three 
flame inversions. At <j)—1.0 and 1.1, the magnitude stayed the same or increased 
with the first three inversions.
VIII. The interval time between local maximum and minimum remained relatively 
constant for the first three flame inversions at equivalence ratios tested.
IX. Only the overall average flame speed test for ((>=0.8 showed a trend amongst the 
fuel additives. Therefore, either the fuel additive played little importance in 
determining the flame propagation characteristics or the tests conducted were not 
adequately sensitive for the change in flame propagation characteristics.
X. The first local maximum speed and the overall average speed, the overall average 
pressure and the initial acceleration o f the flame front show similar trends.
XI. Coefficient o f variation o f the overall average flame propagation speed increased 
with increased equivalence ratio.
XII. The results o f the flame propagation study were qualitatively repeatable. 
Quantitatively, however, the results were repeatable only for the first two flame 
inversions before instabilities, caused by acoustics or otherwise, overcame the 
repeatability o f the experiment.
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XIII. Because there was no conclusive evidence to confirm the significance of the 
additive, the results in the engine study were also not expected to show significance 
amongst additive blends.
2.7 Recommendations
The actual composition of the fuel-air mixture in the duct should be compared to the 
theoretical composition of the partial pressure method. This may further quantify the 
error associated with filling the duct.
The frame rate o f the direct capture provides good resolution for investigating the flame 
speeds in this study. More details o f the flame front shape could be acquired if the 
correct aperture and shutter speed were used. Further investigation into this area may be
warranted.
A more precise schlieren-imaging system would provide quantitative information about 
the flame front structure. Grid-mark indicators would offer a scale to resolve 
measurements. Investigation into the cause o f the distortion o f the schlieren image would 
help to reduce the inaccuracy in this regard.
Now that more information is known about some quantitative parameters o f flame 
propagation in this duct, such as inversion locations and maximum flame speeds, 
focusing on specific events will provide greater detail in that area. This would increase
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the temporal and video resolution o f the events and may also provide insight to such 
parameters as ignition delay times and triggers to harmonic frequencies.
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Chapter 3: Engine Study
3.1 Background
This section will attempt to create understanding of the basic operation of the 4-stroke 
engine and its operating parameters. Normally aspirated 4-stroke spark ignition engines 
follow the ideal Otto cycle, named after Dr. Nicolaus A. Otto, who patented a stationary 
gas engine using approximately this cycle in 1876 [Lumley 1999]. The 4-stroke spark 
ignition internal combustion engine is named because it requires four strokes o f the 
piston to complete one cycle composed of two revolutions. The intake stroke draws a 
fuel-air mixture into the combustion chamber through the intake valve. In the 
compression stroke, the valves are closed as the piston compresses the mixture. The 
compressed mixture is ignited in the power stroke. The expanding gas acts on the piston 
to create work. Finally, the exhaust stroke pushes out the burned gases to start the two- 
revolution cycle over again. This is, however, a simplified explanation of the engine 
operation. Many factors can affect the engine performance including ignition timing, 
cylinder head configuration, valve timing, and fuel composition to name a few.
Engine performance is evaluated using a variety o f instruments each measuring specific 
operating parameters. These parameters can be compared to determine optimal operating 
conditions, or to evaluate certain components.
81
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3.1.1 Brake Torque, Power and RPM
The main measured parameter o f engine testing is the brake torque. The torque is a 
measure of the engine’s ability to do work. A dynamometer measures brake torque by 
measuring the force o f a moment arm of a brake by using a load cell:
where:
Tb is the brake torque given in N-m,
F  is the applied force, and 
b is the moment arm.
Power is rate at which work is done. It is implicitly calculated by the dynamometer by 
multiplying the angular speed by the torque [Heywood 1988; Stone 1999]:
RPM  is the rotational speed given in revolutions per minute,
T  is the torque given in N-m, and 
P  is the power given in W.
3.1.2 Geometric Properties
The volume within the cylinder changes as the piston traverses through the engine cycle. 
The total cylinder volume can be calculated with the following equation:
Th =Fb, (3-1)
I n - T - R P M  
60 (3.2)
where:
VT = V C + VS, (3.3)
where:
Vt  is the total volume within the cylinder (11.43x1 O'4 m3), 
Vc is the cylinder clearance volume (1.63x1 O'4 m3), and 
Vs is the cylinder swept volume (9.8x1 O'4 m3).
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The clearance volume is determined by using the definition o f the compression ratio. 
The compression ratio is the ratio of the cylinder volume at bottom dead centre to the 
cylinder volume at top dead centre [Heywood 1988]:
Compression Ratio = = -  -- - - - ,  (3.4)
v>jc K
where:
V bdc is the total volume at bottom dead centre, and 
V tdc is the cylinder volume at top dead centre.
Through basic geometry the total cylinder swept volume is given by a relationship with
cylinder’s bore and the length of the stroke:
V = — x B 2 x S , (3.5)
4
where:
B  is the cylinder bore diameter (9.05x1 O'2 m), and
5  is the stroke length (7.8x10'2m).
With the cylinder clearance volume constant the swept volume can be given as a function 
o f crank angle [Heywood 1988]:
Vs(0) = j x B 2x\ l  + a - s ( 0 ) ] ,  (3.6)
where:
I is the connecting rod length (0.127m),
a is the crank radius (3.6xl0~2m), and
s(9) is the stroke variation given by [Heywood 1988]:
s{6) = a cos 0 + -yj(l2 -  a2 sin2 # ), (3.7)
where:
6  is the crank angle starting with 0° at tdc.
The mean piston speed, t J , measures the mean speed of the piston as it traverses within
the cylinder [Heywood 1988; Lumley 1999]:
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3.1.3 M ean Effective Pressure
The mean effective pressure is a measure o f the work output per unit swept volume. 
Given in units of pressure, it is independent of engine size and the number o f cylinders, 
therefore, it is useful when comparing results between engines [Stone 1999]:
The brake mean effective pressure, bmep, measures the brake work per engine cycle per 
swept volume. Thus:
The indicated mean effective pressure, imep, measures the indicated work. The indicated 
work is calculated from the pressure measurements within the cylinder and will be 
explained in greater detail in the following section.
The difference between the imep and the bmep is the friction mean effective pressure, 




Wc is the work per engine cycle in N-m, 
and the swept volume, Vs, is 9.8xl0"4 m3.
The brake work per engine cycle for a 4-stroke engine is given by:
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Another useful measure of friction loss is the mechanical efficiency. The mechanical 
efficiency 7Jm is the ratio o f brake mean effective pressure, to indicated mean effective 
pressure [Stone 1999]:
3.1.4 Indicated Work
With the cylinder pressure, crank angle and the corresponding cylinder volume, the work 
in the cylinder can be calculated by using a p -V  diagram. The indicated work per 
cylinder is obtained by integrating around the curve [Heywood 1988]:
The gross indicated work per cycle is the work transferred to the piston during the 
compression and expansion strokes, while the pumping work is the work transferred to 
the piston during the intake and exhaust strokes. For normally aspirated engines, the 
exhaust pressure is higher than the intake pressure, resulting in a negative pumping work 
value. In this study, because of the high suction o f the exhaust venting apparatus, the 
intake and exhaust pressures were fairly equal. For this reason, and for the ease of 
calculations, only the net indicated work will be examined.
bmep (3.12)
W =  \ p - d V . (3-13)
The net indicated work is the work delivered to the piston for the whole 4-stroke cycle.
85
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3.1.5 Coefficient of Variation
Data is collected and analysed statistically to determine some characteristics. The 
average imep and maximum pressure as well as the standard deviation are found. The 
coefficient of variation (COV) is the standard deviation expressed as a percentage o f the 
mean [Stone 1999]:
stdev
C O V imep= - ------ 2 2 - (3 . 14)
imepmg
and,
C O V r m  =  S“k v ’’" ‘  .  ( 3 . 15)
maxtfvg
3.1.6 Brake Specific Fuel Consumption
The brake specific fuel consumption, bsfc, is a measure o f  the fuel consumption per 
output power [Stone 1999]:
rhf • 60
bsfc =  f- , (3.16)
Th -2x-  RPM
where:
mf  is the mass fuel flow rate.
The brake specific fuel consumption is usually expressed in units o f g/kWh. The lower 
the bsfc, the more fuel-efficient the engine operating condition.
3.1.7 Crank Angle
The crank angle defines the position o f the piston throughout the 720° engine cycle. It 
begins with 0° at top dead centre starting the intake stroke, through 180° at bottom dead 
centre to start the compression stroke. The spark is ignited 20° btdc, which is at 340°.
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The power stroke begins at 360° followed by the exhaust stroke at 540°. Finally the 
intake stroke starts a new cycle at 720° or 0°.
3.1.8 Mass Fraction Burn Analysis
The pressure rise in the cylinder is comprised o f two factors after the start of combustion: 
the first being the volume change due to the motion of the cylinder; the second being 
combustion itself. The mfb in this study is adapted from a widely used technique, 
devised by Rassweiler and Withrow [1938]. Their technique assumes the pressure 
change due to the change in volume can be modelled by a polytropic process. In a 
polytropic process [Lee 1999]:
p V n = constant, (3.17)








Pref is the reference pressure given by the pressure at tdc from the polytropic 
process,
Vc, the cylinder clearance volume, is the volume at tdc,
Pi and Vj are the respective cylinder pressure and volume at crank angle i.
The amount of heat release is different for the compression and power strokes, thus, the 
expression for the unfired cycle requires a separate polytropic exponent for the 
compression and power strokes.
In this study, the pressure rise due to volume change of the cylinder was determined by 
recording the pressure without firing the cylinder. This was accomplished by motoring
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the engine using the opposite cylinder and reducing the engine load to achieve the proper 
engine speed. The unfired cycles were averaged to create a benchmark to compare with 
the fired cycles. For this reason, it was not required to calculate the polytropic exponent.
The pressure rise due to combustion is determined by first calculating the difference 
between a particular fired cycle and the averaged unfired cycle. To properly compare the 
fired cycles, the pressure trace o f the fired cycle is shifted to have the same pressure as 
the unfired cycle just before the ignition of the spark.
Even though the combustion process does not occur at a constant volume, the pressure 
difference is referenced to the clearance volume [Stone 1999]:
& P co„,b  (3-19)
c
where:
Vj is the volume at crank angle i,
Vc is the clearance volume,
A p  — Pfired'Pmotor 3
Pfired is the fired cylinder pressure at crank angle i,
Pmotor is the motored cylinder pressure at crank angle i, and 
Apcomb is the pressure due to combustion at crank angle i.
The end of combustion is assumed to be at the point where the pressure rise due to
combustion is zero.
Finally, this pressure due to combustion is normalised by the pressure at the end of 
combustion i.e. the maximum pressure rise due to combustion with respect to the 
clearance volume. If  the pressure rise due to combustion is assumed to be proportional to 
the mass fraction burned, then [Stone 1999]:
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^  = Z  / Y j^P comb,i (3 -20)
0 / 0
This method of calculating the mfb, however, does not take heat losses into account.
Figure 3.1 illustrates the determination of the mass fraction bum curve. Delta P shows 
the difference between the fired and the unfired cycle. Delta P comb is the result o f Delta 
P multiplied by the instantaneous volume divided by the clearance volume. Finally, the 
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Figure 3.1. Typical pressure and mass fraction bum as functions o f crank angle degrees 
after the spark for 4% additive blend at 2100 rpm.
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3.2 Experimental Apparatus
The experiments o f the engine study were performed on a Linamar LX 990 engine that 
had been configured by the manufacturer to run on propane. The engine was further 
retrofitted to the engine test cell. Engine tests performed on a dynamometer consisted of 
torque and power measurements through a range o f engine speed. In-cylinder pressure 
measurements as a function of crank angle were also measured to determine indicated 
work as well as bum rate analysis. Exhaust emissions were also monitored. All o f the 
apparatus was located in the Centre of Automotive Research and Education at the 
University o f Windsor in the combustion and small engine test room.
3.2.1 Engine Specifications
The engine used in the experiments, acquired from LPP Manufacturing in Guelph 
Ontario, was a two-cylinder, four-stroke, spark ignition engine. Originally an Onan 
Performer, the Linamar LX engine has a wide range of applications including power 
generation sets, portable welding units, lawn tractors and floor cleaning units to name a 
few. The original version of this engine was a gasoline fuelled L-head valve 
configuration, with horizontally opposed cylinders nominally producing 18 kW (24 hp) at 
approximately 3600 rpm. The propane version of this engine reduces the power output to 
approximately 13.4 kW (18 hp). The air-cooled 0.980 L engine had a compression ratio 
of 7.0:1 with a non-adjustable electronic ignition system timed at 20° btdc. A 12-Volt car 
battery powered the electric starter. Specifications are summarised in Table 3.1, while 
full details can be found in Appendix A.9.
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Table 3.1. Linamar LX990 LPG specifications.
Model Linamar LX990 LPG
Peak Power 13.4 kW (18 hp)@  3600
rpm
Engine Type Horizontally Opposed 2- 
Cylinder, 4-Stroke, Spark 











Block Cast Aluminum, Cast Iron 
Cylinder Liners
Ignition Electronic Ignition 20°btdc 
non-adjustable
3.2.2 Fuel
The fuel used in the engine study was essentially the same fuel as in the Flame 
Propagation study. Oxylene Ltd. provided four bottles each of blends A, B, C and H 
corresponding to 4%, 2%, 1%, and 0% additive blended with commercial propane. The 
supplier altered the fuel bottles to allow for a liquid-draw fuelling system. After using 
one bottle of 0% additive for preliminary tests, the bottle was refuelled with Shell 
propane, from a near by gas station, to continue the preliminary tests. The primary tests 
were conducted using only Oxylene Ltd supplied fuel.
3.2.3 Dynamometer
The dynamometer used in the engine testing was a Go-Power Systems D-100 Series 
Portable Dynamometer pictured in Figure 3.3. With its display in imperial units, the
91
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
dynamometer read engine speed up to 14 000 rpm, power to 74.57 kW (100 hp) and 
torque to 88.14 Nm (65 lb-fit). Its dimensions measure 22.9x15.2x12.7 cm (9x6x5 in) 
and weighs only 1.8 kg (4 lbs). The system accuracy is +10 rpm and ±0.3 lb-fit o f torque. 
The Linamar engine being tested was close to the limits of the dynamometer’s preferred 
speed-torque range. Therefore it was decided to increase the speed o f the dynamometer 
by using a sprocket and chain gearing system. A ratio of 4:3 was thought to be the best 
way to achieve this and make for easier calculations. Increasing the engine speed o f the 
dynamometer put the torque data points within the optimum operating range o f the 
dynamometer.
0 2 4 6 8 10 12 14
RPM (x 1000)
Figure 3.2. Torque performance envelope for Go-Power dynamometer adapted from [Go 
Power, 1992].
3.2.4 G earing
As mentioned previously, to achieve the needed increase in engine speed to optimize the 
dynamometer, gearing was used. A sprocket and chain or pulley and belt system was the
70
Without gearing
+  With gearing
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simplest way to connect different engines to the same dynamometer. The pulley and 
toothed belt system had been previously used in a similar situation with the University o f 
Windsor Formula SAE team. They experienced problems with skipping and disengaging 
of the belt. These problems lead to the decision o f using a chain and sprocket 
configuration. A sprocket for the engine shaft diameter and the dynamometer shaft 
diameter was obtained.
Because o f the configuration of the dynamometer, an intermediate load bearing system 
had to be used. A system of two high-speed bearings and a shaft coupled to the 
dynamometer dispersed the side load. The system is shown under the chain guards in 
Figure 3.3. The 1.905 cm (3A in) shaft coupled with the dynamometer had an 18-tooth 
No.40 V2" pitch Tsubaki sprocket. For the engine, a 24-tooth No.40 Vi" pitch sprocket 
with a 2.858 cm ( VA in) bore was chosen. The ratio of teeth provided the desired ratio o f 
4:3. An arbitrary distance between centers was chosen to be 20 cm. This means the 
chain length had to be approximately 89 cm. The chain was guarded to protect operators 
from chain failure and oil splash.
As with any gearing system, mechanical losses were inevitable. Reduction of these 
losses was made possible by chain wax. Chain wax adhered to the chain at higher speeds 
much better than conventional chain oil. This also minimized the risk o f oil splash and 
made clean up much simpler.
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3.2.5 Test Table
A test table was made o f 1.27 cm (!4 in) thick aluminum plate. The mounting holes for 
the engine were directly drilled and tapped into the table. Slots were milled in the table 
for the dynamometer and pillow block in order to provide the proper tension in the chain 
and are shown in Figure 3.3. The chain sprocket system was chosen partly because o f its 
versatility. The engine test cell was not only designed to test the Linamar engine, but 
also a similar Briggs and Stratton engine.
1. Dynamometer
2. Chain and splashguard. Pillow 
block underneath.
3. Dynamometer/Pillow block 
coupler
4. Mounting slots.
Figure 3.3. Top view photograph of the dynamometer and chain guards.
3.2.6 Exhaust System
In order to make the engine compatible with the current testing facilities, a number of 
steps had to be taken. First, the exhaust from the engine had no manifold. Therefore an 
exhaust manifold was designed and manufactured. 304 stainless steel tubing with an 
outside diameter of 31.75 mm and a wall thickness of 1.78 mm was purchased and bent 
to specifications. Flanges were cut and welded to the manifold completing the assembly. 
The manifold was configured with an outlet for exhaust gas testing.
Flexible automotive tubing connected the stainless steel exhaust manifold to a muffler 
that was secured inside the room exhaust duct. The room exhaust system consisted of a
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560 W electric motor with a flow rate of approximately 111 L/s. The crank case vent was 
normally configured to release in the air intake, however, to avoid damage to the airflow 
measuring equipment by oil particle contamination, the crank case vent was re-routed to 
the room exhaust vent, dn addition, to avoid ignition o f the oil vapour with the exhaust 
duct, the line from the crank case vent was passed through an oil separator to trap the oil. 
The exhaust system is featured in Figure 3.4 and can be seen in Figure 3.9.
1. Engine.
2. Exhaust manifold.
3. Gas analyser probe mounted in probe 
outlet.
4. Gas analyser.
5. Exhaust vent duct.
6. Crank case vent line to the oil 
separator.
Figure 3.4. Photograph o f the exhaust system and gas analyser.
3.2.7 Fuel Line and M etering
The engine also was supplied without a fuel line system. This particular engine required 
a liquid-withdrawal type o f LPG supply system. The standard QCC-1 fitting to the tank 
included an excess flow restrictor, thus, was drilled out to provide the proper flow rate for 
the engine. In addition, a check valve prevented the back flow of the high-pressure liquid 
in the fuel line. A 121 cm (4 ft) hose connected the fittings to the engine.
The cost o f an inline mass flow meter proved prohibitive for this project. Alternatively, 
fuel consumption was measured by determining the mass o f the fuel tank over a time 
interval o f 60-120 s during testing. A digital scale was acquired from Mars Scale
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Corporation. The scale had a maximum capacity of 10 kg with a precision of 1 g. The 
scale, fuel line and fuel tank are shown in Figure 3.5.




5. Check valve backflow preventer.
6. Fuel line
Figure 3.5. Photograph o f the fuel line, scale and fuel tank.
3.2.8 Air Intake, Throttle and Measurement
To properly monitor the airflow, the air filter assembly was removed in favour o f an 
impeller anemometer housed in a straight intake duct shown in Figure 3.6. The Omega 
hygro-thermo anemometer includes a temperature sensor with a resolution of 0.1 °C and a 
relative humidity probe with a resolution of 0.1% RH and an accuracy of ±2.1% RH. 
The duct, made o f PYC plumbing tube, was fitted to the mixer and machined to house the 
anemometer. As illustrated in Figure 3.7, the duct length was 45 cm to allow for a more 
fully developed flow, hence, a more accurate measurement.
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^ D i a m e t e r ^  j
Figure 3.7. Illustration showing the effective diameter of the airflow interacting with the 
anemometer without (a) and with (b) the intake tube.
97
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
In the stock engine, the throttle was linked to a governor, which maintained engine speed 
regardless of the engine load. This link was disconnected for testing. The throttle needed 
to be easily moved yet able to be fixed in the same position for repeated tests. A detented 
throttle position lever was created by modifying a bicycle gear lever. The cable was 
attached to the butterfly valve on the mixer (Figures 3.8 and 3.9). The throttle position 
could be adjusted to one o f seven different throttle positions: position 1 being wide open 
throttle and position 4 approximately ‘A open throttle.
wmmmm
Figure 3.8. Photograph o f the detented throttle position lever.
1. Kistler pressure measuring spark 
plug mounted in the engine.
2. Throttle link mounted to butterfly 
valve.
3. Air intake tube.
4. Optical encoder mounted to 
engine shaft.
5. Crank case vent tube.
6. Gas analyser mounted in exhaust 
manifold.
7. Exhaust manifold.
Figure 3.9. Photograph o f the engine set-up (close side view).
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3.2.9 Crank Angle Degree
The relative position of the pressure measurements must be known to provide 
measurements including the location of maximum pressure and the indicated mean 
effective pressure. The crank angle was measured using a BEI (Goleta, California) HS35 
optical encoder, mounted inline to the engine’s shaft by way o f an adaptor. The optical 
encoder emitted one signal for every degree of revolution as well as one for every 
complete revolution. The latter signal was positioned to top dead center using a mark on 
the flywheel as well as a depth gauge in the cylinder. The signals were sent to the DAQ 
board via the A/D terminal block to be recorded.
3.2.10 Cylinder Pressure Measurements
A more advanced way to measure engine performance is to measure the pressure within 
the engine’s cylinder. A Kistler 6117B measuring spark plug with integrated cylinder 
pressure sensor located in cylinder #1 (Figure 3.10), output a charge to an inline charge 
amplifier before a signal conditioner converted the charge into a voltage. The voltage 
signal was transferred to the DAQ board via the A/D terminal block where it was scaled 
and recorded in an array as a pressure measurement. This process is illustrated in 
Equation 3.21
^ _ Voltage x Inline A mplifierScal ing x Gain ^  ->i\
5 V * JDAQresolution x Transducer Sensitivity
The measuring spark plug allowed pressure measurements without alteration of the 
cylinder. The measuring range was 0 to 20 MPa and the sensitivity was 0.172 pC/kPa. 
Specifications o f the Kistler measuring spark plug can be found in Appendix A .ll. A
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PCB Piezotronics 422E Series In-Line Charge Amplifier and a PCB Piezotronics 480E09 
signal conditioner converted the charge from the pressure transducer to voltage. Pressure 
and corresponding crank angle measurements were collected using three channels o f an 
Omega Analog to Digital Converter and Lab VIEW software.
t
Figure 3.10. Photograph of a Kistler 6117B measuring spark plug with integrated 
cylinder pressure sensor. Table o f specifications can be found in Appendix A. 12.
3.2.11 Exhaust Gas Sampling
A n  IMR Environmental Equipment, Inc, IMR2800P gas analyser was used to collect 
engine emission samples. The unit detected 0-2000 ppm of NOx, calculated 0-4000 ppm 
o f CO and detected 0-20% O2 and CO2 concentrations with an accuracy of 0.2% with a 
pumping rate o f 1.63 L/min. The gas analyser also detects 0-100% of the lower 
explosion limit o f hydrocarbons with a resolution of 0.1% to an accuracy o f 5%, 
however, 0% was the only value obtained during the tests. The sampling probe was 
mounted out o f the free stream in the exhaust manifold to reduce the temperature of the 
probe. The unit averaged one sample per second and provided the mean value as well as 
the standard deviation. The exhaust gas analyser is shown in Figure 3.4. Further 
specifications can be found in Appendix A. 12.
3.2.12 Safety Considerations
Safety was a main consideration during the testing o f the engine. Safety guidelines were 
strictly adhered to in designing and carrying out experiments in the engine test cell and
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the small engine test room. The most restrictive o f these guidelines was the 5 L limit of 
fuel in the test room. At full load conditions, this allowed only five to seven minutes of 
test time. As the fuel level in the tank dropped to the level o f the fuel pickup; fuel vapour 
entered the fuel line reducing the stability o f the engine power. Because of this, it was 
impossible to test this engine at full load conditions.
Even at throttle position 4, which represents near half open throttle, the testing time was 
limited. For this reason, the engine was warmed up to operating temperature for 
approximately five minutes while running HD-5 commercial propane purchased from 
Shell. The engine was then shut down, and the fuel was switched to the first fuel being 
tested.
A back-flow preventing check valve prohibited the high-pressure fuel in the 121 cm fuel 
line from flowing out if  the tank had to be disconnected. To alleviate the pressure in the 
fuel line, the tank valve was closed before the engine was shut down. The fuel in the line 
was used and the pressure decreased causing less of a potential hazard.
Present in the room, near the test cell, was a carbon monoxide detector. The detector was 
purchased from a local home retailer and detects carbon monoxide levels that approach a 
harmful limit. Moreover, two fire extinguishers (water based and chemical based) were 
located just outside of the test room as with an eyewash station. Also present were 
WHMIS Material Safety Data Sheets, which included sheets on commercial propane. 
The engine exhaust was connected to an exhaust vent that removed air to the outside. In 
addition, the fume hood in the room was switched on and the door opened to provide an
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adequate flow of air. Chain guards were securely in place and safety glasses and earplugs 
were worn during all engine runs.
3.3 Testing Procedure and Data Reduction
The engine testing in this study is based on the procedure from the Internal Combustion 
Engine Laboratory [Roth & Sobiesiak 2001]. Other procedures including in-cylinder 
data processing and mass fraction bum analysis follow D ’Andrea [2003]. Mass fraction 
bum analysis also follows Stone [1999].
3.3.1 Testing Procedure
The procedure for testing the engine was as follows [Roth & Sobiesiak 2001]:
1. Engine was started and allowed to warm up for 3-5 minutes.
2. The required throttle opening position was set. The engine was loaded to run at 
the correct engine speed ensuring stable operation for this point.
3. The engine operation point was considered stable when the standard deviation o f 
exhaust gas temperature was less than 2 ° F .
4. Once the engine is stabilised, the necessary readings taken and recorded include:
a. Engine speed from the dynamometer
b. Torque from the dynamometer
c. Power from the dynamometer
d. Air speed from the anemometer
e. Air intake temperature from the anemometer
f. Ambient air conditions from the anemometer
g. Mass o f fuel tank
h. Time
i. Emissions from the gas analyser
5. From the computer acquisition system, multiple pressure and crank angle arrays 
using the Lab View interface are obtained. The engine speed and output filename 
are entered in the appropriate window, and the samples are recorded.
The procedure was repeated with different fuels and engine speeds.
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3.3.2 Torque, Power and RPM
After stable operating conditions are obtained, the torque, power and engine speed are 
read directly from the dynamometer and recorded. The power and torque are given in 
units o f hp and lb-ft respectively as displayed by the dynamometer. The values are
converted to SI units o f kW and N-m. The actual torque and engine speed are scaled
from the dynamometer measured value as given by:
T b e ~  ( 4 / 3 ) T b d , (3.22)
P b e = P b d , (3.23)
and,
R P M - ( 3 / 4 ) R P M d , (3.24)
where:
T be and Tbd are the brake engine and dynamometer torque respectively and,
R P M  and R P M d  are the respective engine and dynamometer speeds.
The brake mean effective pressure is a scalar multiple of the torque and was calculated by 
Equation 3.11. The brake power and torque are related by Equation 3.2:
P[kW] = 2 n ' R P M ' T -̂Nm^  x l(T 3. (3.25)
60
3.3.3 Airflow Measurement
The mass airflow rate was calculated by measuring the airspeed through a known area. 
At each fixed operating condition, a number o f random samples of air speed were taken 
and averaged to obtain the value o f air speed. The density of the ambient air together 
with the airspeed and the flow area give the air mass flow rate:
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^ a P airmail- . ^anemometer ’ (3.26)4
where:
ma is the mass flow rate of air into the engine,
Pair is the density o f air at test conditions, 
vair is the speed of air as measured by the anemometer, 
danemometer is the inner diameter o f the anemometer (0.067 m).
Tabular data for the density of air is given in Holman [1997] for various temperatures.
3.3.4 Fuel Flow and Brake Specific Fuel Consumption
After the engine reached stability, the mass o f the fuel tank was recorded as the timer 
started. At intervals between 60 to 120 seconds, the time and mass o f the fuel tank were 
recorded. The interval mass flow rates were checked for consistency. Finally, the fuel 
mass flow rate was determined by dividing the difference in mass by the elapsed time:
(m2 -  mA)
mf  = ( 3 . 2 7 )
The bsfc was determined by dividing the fuel flow rate, from Equation 3.27, by the brake 
power acquired from the dynamometer in Equation 2.25:
bsfc g
kWh
™ f  [g/h] 
Pb[k W ] ‘
(3.28)
3.3.5 Emissions
The output from the gas analyser was recorded into a spreadsheet. The analyser recorded 
120 samples every two minutes and provided the standard deviation. Each operating 
condition was stabilised and maintained four to six minutes giving two or three printouts. 
EPA emission standards as well as the standard emission levels from Onan are compared
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to the results obtained. The results are converted to grams per kilowatt-hour by the 
following:
1 ppm  NO 1.34 mg/m3
1 ppm NO 2 2.05 mg/m3




Concentration m 3 x Airflowrate[m3 /  h]
g
= Emissions — (3.32)
Enginepower [kW] x 1000 ms //
S
k W h
This method assumed that the volume o f air consumed was equal to the volume o f are 
exhausted.
3.3.6 Equivalence Ratio
The equivalence ratio can be determined in two ways. It can be determined from the 
exhaust gas analyser or it can be calculated from the air and fuel flow rates. The exhaust 
gas analyser outputs a reading of percent excess air based on the programmed fuel and 
the oxygen content. This number is the related to the equivalence ratio by:
where ExAir % was given by the gas analyser.
To determine the equivalence ratio from the flow, the gravimetric ratio of fuel-flow to 
airflow is divided by the stoichiometric ratio of fuel to air, that is:
</>=(!+ ExAir , (3.33)
6  = ---------------
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3.3.7 Pressure Measurements
Three arrays o f data were collected and sent to a file, similar to Table 3.2, via the data 
acquisition board. The DAQ board collected the crank angle degree1 along with the 
position of top dead centre from the encoder, as well as the voltage from  the pressure 
transducer, charge amplifier and signal conditioner. The signal from the pressure 
transducer was converted from pico-coulombs to volts and from volts to kPa using 
Equation 3.21:
jj[kPa] = (3.35)
10/ 2.5[V/V] x 17.2[pC/bar] '
3.3.8 Crank Angle Calculation
The position o f the crank angle and tdc are identified as an output voltage of 10 V. After 
the first tdc signal was received, the corresponding crank angle signal is marked as 0°. 
Subsequent degree signals were incremented up to 360°. Because the 4-stroke engine 
completes two revolutions o f 360° for a total cycle of 720°, the pressure values at 
consecutive 360° marks were compared to the maximum and minimum pressures during 
the cycle by the following relationship [D’Andrea 2003]:
P x = ^ P max X Pmin , ( 3 . 3 6 )
where:
p max and p min are the respective maximum and minimum sampled pressure, and 
px is the pressure constant for comparison
This comparison determined if the signal at tdc was for the beginning o f the intake or
power stroke.
I f  Px < P t d c , then p tdc = p 0° , (3.37)
IfPx > P td c , then P tdc  = P 3 6 0 ° , (3.38)
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where p tdC is the pressure at top dead centre. The crank angle degrees were then assigned 
from 0° to 720°
The data is collected from the pressure transducer in time-based intervals. For this 
reason, values o f pressure were collected between degree marks. Due to a finite resolutin 
o f one crank angle degree, the crank angle was interpolated linearly between degree 
marks. In the case where two consecutive degree signals were present, the first one is 
used and the second was interpolated as being between degree marks. This is illustrated 
in the fourth column o f Table 3.2.
The pressure was corrected because signal drift skewed the values as expected for 
piezoelectric pressure transducers. The values were scaled by a linear approximation o f 
the signal drift while a nominal value was subtracted as shown in Figure 3.11 and 







Figure 3.11. Illustration o f voltage versus samples for in-cylinder pressure 
measurements. Series 1 represents the raw data accompanied with a linear 
approximation. The corrected data and its linear approximation are shown in series 2.
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The sampling rate was optimised while remaining under the maximum sampling rate of 
200 kHz. Recording approximately three samples per crank angle degree, it was highly 
unlikely that a crank angle degree would be missed in case o f small errors in the engine’s 
speed. The maximum sampling rate was determined by the following [D’Andrea 2003]:
— r~y~x ^sam ples/ ca x 3channels = 194.4kHz < 200kH z . (3.39) 
6 0 s /min
Table 3.2. Pressure/Degree/TDC signal with manipulated crank angle and pressure 
response (2400RPM; Blend C).









= Pacq - m*i, 
(i=1,2,3...)
2.572 10 10 0 2.572
2.577 0.17 0.173 .5 2.577
2.591 10 0.185 1 2.591
2.601 4.673 0,189 1.333 2.601
2.61 0.175 0.194 1.666 2.610
2.618 10 0.196 2 2.618
2.628 0.181 0.19 2.333 2.628
2.637 1.103 0.184 2.666 2.637
2.645 10 0.177 3 2.645
2.652 0.177 0.174 3.5 2.652
2.665 10 0.169 4 2.665
2.674 10 0.171 4.333 2.674
2.682 0.174 0.174 4.666 2.682
2.691 10 0.172 5 2.691
2.7 0.179 0.184 5.333 2.700
2.711 0.176 0.175 5.666 2.711
2.721 10 0.178 6 2.721
3.3.9 IMEP, Maximum Pressure and Coefficient of Variation
The area enclosed in the p -V  curve is determined by simple numerical integration using 
the midpoint rule. The area is estimated by calculating the value between two
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consecutive volume measurements multiplied by the average o f the two corresponding 
pressure measurements as illustrated in Figure 3.12. The incremental areas are 
algebraically summed around the whole cycle:
A  = z  <VM -  V ,) X \ r n m ' -  kPa] . (3.40)
/ ^
The imep is calculated by multiplying the net work by the appropriate unit conversion 
and dividing by the swept volume per cylinder:








V IV S  V 5  V 4 V 3 V 2
Figure 3.12. Illustration showing the integration of the p -V  curve.
(3-42)
The imep and maximum pressure referenced from the start of the intake stroke for each 
cycle was calculated and tabulated in a spreadsheet. The mean value and standard
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deviation for each operating condition as well as the coefficient of variation o f the imep 
(Equation 3.14) and the maximum pressure (Equation 3.15) were calculated.
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3.4 Results and Discussion
This section outlines the results of the engine tests. The results o f the preliminary 
baseline tests at throttle position 1 (wide-open) are presented, followed by the results of 
throttle position 4 (half-open). Comparisons of the tests at these two throttle positions are 
discussed. In addition, the results of the blend comparison tests are presented and 
discussed. The error associated with the engine speed was ±7.5 rpm throughout the 
operating range. Finally, a discussion of sources o f error is included. During this study, 
there were constant improvements to the experimental setup. Below is a testing matrix to 
illustrate the changes to the setup.
















Blend H and Shell propane. N o flow  
measurements recorded. Different throttle 
positions. N o exhaust samples recorded. No  














Throttle position 1. N o flow measurements. 
Speed range 1500-4050 rpm. No air intake 






Shell propane. Throttle position 1. Airflow 
measurements without duct. No fuel flow  
measurements. N o exhaust gas samples. 
Cylinder pressure measurements.
Baseline Test Benchmark to 
compare fuel blends.
Shell propane. Throttle position 4. Airflow 
measurements. Fuel flow measurements. 














Compare variation in 
cylinders.
Shell propane. Throttle position 4. No airflow 
measurements. N o fuel flow measurements. 
No exhaust gas samples. Pressure 











Compare fuel blends. 4 propane blends. Throttle position 4. Airflow 
measurements with extended intake duct. Fuel 
flow measurements. Exhaust gas samples. 
Cylinder pressure measurements.
I l l
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3.4.1 Preliminary Baseline Test Results
The preliminary tests were performed for a number of reasons. The first of the engine 
study objectives was to successfully run the engine through a variety o f operating ranges. 
Also, during the tests, improvements to the test procedure were constantly being 
considered. Insight to the operating conditions to perform the fuel comparison test was 
also sought. In addition, the baseline test was preformed to compare the engine with the 
manufacturers data. All the tests were conducted using propane purchased from a local 
retailer. The manufacturer’s engine performance data was taken from two sources. The 
first is the published data for the Linamar LX990 gasoline models denoted in the 
following sections as LX990 [Linamar 2000], The second was Onan P224 GL data 
[Onan 1993] provided by LPP Manufacturing, which was essentially an LX990 converted 
to run on propane, denoted by P224 in the following sections.
3.4.1.1 Preliminary Tests at Throttle Position 1 (Wide-Open)
The first recorded test (Test 1) consisted of six engine speeds all at throttle position 1 
which corresponds to wide-open throttle. The range of engine speed was from 1500 to 
4050 rpm. It was clear that the stability of the engine was compromised at higher engine 
speeds. Misfires could be heard as the fuel level in the tank was diminishing. No 
airflow, fuel flow or emissions samples were taken in this set of tests. Nevertheless, the 
tests generated a power and torque curve to compare to the manufacturers data. After 
these tests were completed, minor improvements to the test set up were conducted,
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including relocating some o f the testing components for ease o f operation and installing 
an impeller anemometer to measure the airflow.
The second preliminary baseline test (Test 2) focused on three engine speeds: 2475, 2925 
and 3600 rpm. These tests included in-cylinder pressure as well as airflow data. No fuel 
flow data was recorded. The throttle link cable was shortened to reduce the vibrations 
and more components were relocated on the engine test table.
Figures 3.13 and 3.14 compare some performance parameters of the baseline tests (Test 
1, Test 2) to the specifications of a similar gasoline engine (LX990) and propane engine 
(P224). While below the manufacturer’s data for gasoline, the first test far exceeded the 
manufacturer’s performance for propane. The absence o f the air cleaner assembly 
inevitably increased the performance of the engine as the air cleaner restricts the free 
flow of air. The torque-speed curve for the second test was very close to the 
manufacturer’s data for the P224 propane engine. The anemometer assembly provided 
some restriction to the flow, hence, a decrease in performance from test 1. Figure 3.14 
includes the indicated mean effective pressure o f cylinder #1 for the second preliminary 
test. The imep was slightly above the bmep for this test. The uncertainty for the torque 
and power respectively was ±0.54 N-m and ±0.139 kW.
After the second preliminary baseline test, it was determined that the fuel consumption 
rate for wide-open throttle was too great to allow for stable and consistent testing. Thus, 
the next set of baseline tests was conducted at throttle position 4, which corresponds to 
half-open throttle.
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Figure 3.13. The effect o f  engine speed on brake torque and power for preliminary Test 1 
& 2 and data from a gasoline engine (LX990) and propane engine (P224).
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Figure 3.14. The effect o f  engine speed on brake mean effective pressure for preliminary 
test land 2, LX990 gasoline engine and P224 propane engine. The indicated mean 
effective pressure for preliminary test 2 is also shown.
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3.4.1.2 Preliminary Baseline Test at Throttle Position 4 (Half-Open)
The baseline tests for throttle position 4 consisted o f eight engine speeds: 1170, 1725, 
2055, 2265, 2513, 2775, 3000, and 3150 rpm. Airflow, fuel flow, in-cylinder pressure 
data and emission samples were recorded for propane purchased at a local retailer. The 
results are presented in Figures 3.15 to 3.21.
Figure 3.15 shows the power and torque curve for eight engine speeds at throttle position
4. The peak torque is at or near 1170 rpm and decreases as the engine speed increases. 
The peak power is at or near 2775 rpm for this throttle opening. It follows that the brake 
mean effective pressure curve in Figure 3.16 resembles the brake torque since it is a 
scalar multiple o f the torque. The indicated mean effective pressure is also shown in this 
figure. The indicated mean effective pressure is slightly below that o f the brake mean 
effective pressure for engine speeds o f 1725 rpm and 2055 rpm. Again, an analysis o f the 
difference o f the cylinders is warranted and is discussed in Section 3.4.1.4. The most 
peculiar occurrence happens at 1170 rpm: the imep is well below the bmep. The 
following explanation is proposed for this peculiarity. The laboratory exhaust fan 
reduces the exhaust pressure in the manifold significantly in this experiment. At slower 
engine speeds, the exhaust valve is open longer so the effect is even greater. In addition, 
due to the configuration of the exhaust, the length o f the exhaust is much shorter for 
cylinder #2 than for cylinder #1. Therefore the pressure o f the exhaust in cylinder #2 is 
much less than #1. This increases the imep value significantly for cylinder #2.
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Figure 3.16. The effect o f  engine speed on brake mean effective pressure and indicated 
mean effective pressure for throttle position 4 (half-open).
The location and elapsed time o f the peak pressure as well as the pressure due to 
combustion as given by Equation 3.19 are shown in Figure 3.17. The pressure due to
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combustion is an indicator o f  the completeness o f  combustion. This value was used to 
alleviate the differences in pressure due to the change in the cylinder volume when 
comparing pressures at different engine speeds. As the engine speed, hence the mean 
piston speed increases, the turbulence fluctuation increases leading to an increase in the 
bum rate and consequently a small decrease in the time taken to reach the peak pressure. 
The location o f the maximum pressure increases with increasing engine speed despite the 
fact that the charge bums faster. The pressure due to combustion decreased for 
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Figure 3.17. The effect o f  engine speed on crank angle degree atdc, elapsed time atdc 
and the pressure due to combustion o f the maximum cylinder pressure for throttle 
position 4 (half-open).
Emission levels were monitored during the tests at throttle position 4 (half-open throttle). 
Although no trend is seen with respect to engine speed, Figure 3.18 exemplifies the 
inverse relationship between the percentage carbon dioxide and oxygen. The amount o f
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oxygen atoms are conserved in the combustion reaction, thus, an increase in the number 
o f oxygen molecules in the exhaust results in a decrease in the number of oxygen atoms 
available for the formation of CO2. Therefore, the inverse relationship between the 
concentration of oxygen molecules and the concentration of CO2 was expected.
Figure 3.19 shows the emission levels o f NOx and CO as well as the 2003 United States 
Environment Protection Agency phase 2 emission standards for non-road spark ignition 
engines [EPA 1999] and the tested emission levels from Onan for NOx [Onan 1993]. The 
results obtained for CO were well below the EPA and Onan levels o f 610 g/kWh and 149 
g/kWh respectively. A low level o f CO can be expected due to lower combustion 
temperatures since the engine is run at lean conditions as seen in Figure 3.20. Since the 
combustion pressure decreased with increasing engine speed in Figure 3.17, it is assumed 
that the cylinder temperature increased leading to the increased CO levels in Figure 3.19. 
Although the levels of NOx begin higher than the EPA levels at 1170 rpm, they decrease 
rapidly to below the EPA standard at 2055 rpm, and below the Onan levels at 2775 rpm. 
The minimum level of NOx was 5.4 g/kWh at 3000 rpm. Since NOx formation is a 
relatively slow reaction, the longer residence time amongst the hot combustion products 
associated with slower engine speeds, leads to a greater concentration of NOx formation. 
At greater engine speeds, the time taken to expel the exhaust gas is much quicker. 
Therefore less NOx formation is seen in Figure 3.19.
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11.4
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Figure 3.18. The effect o f  engine speed on emissions o f oxygen and carbon dioxide for 
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Figure 3.19. The effect o f  engine speed on emissions ofN O x and CO for throttle position 
4 (half-open).
The equivalence ratio was examined in Figure 3.20. Both the equivalence ratios, based 
on the O2 sensor in the exhaust gas analyser and the ratio based on the flow rates, are 
compared. Quite clearly, the results based on flows are well below what is expected. In
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fact, all o f the data points are below <f)=0.52, the lower flammability limit for propane. 
Therefore, the determination o f «)» based on flows needed to be examined further. The 
equivalence ratio based on the gas analyser lies quite close to 0.8. This seemed to be an 
acceptable value and was used as the primary source for comparison in finding the error 
in the results based on flows.
phi on 02 | 
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Figure 3.20. The effect o f engine speed on the equivalence ratio based on the exhaust gas 
analyser and the flow rates for throttle position 4 (half-open).
To determine if  either or both o f the airflow or fuel flow measurements were to be used, a 
couple o f  fundamental calculations were performed. The air mass flow rate, mair, was
estimated by the engine swept volume and the engine speed with the following relation:
(3-43)
z ou
where t]v is the volumetric efficiency.
Vs RPM  
m° ~ 71 v 2 ' 60 Pair ’
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The volumetric efficiency for wide-open throttle is close to 90% [Stone 2000], therefore, 
it would be expected that at half-open throttle, or throttle position 4, the volumetric 
efficiency would be less than this value. The value of ijv equal to 0.6 was used for the 
following estimation. Appendix B.3 shows the results of the estimation with a 
volumetric efficiency assumed to be 1.0, 0.8 and 0.6. For commercial propane at 2100 
rpm, the estimated air mass flow rate is 43.63 kg/h. This result was much less than the 
73.67 kg/h measured by the anemometer.
In a similar manner, the fuel mass flow rate was estimated by using the following 




where (j) is the equivalence ratio taken from the gas analyser.
Again, assuming a volumetric efficiency o f 0.6, for commercial propane at 2100 rpm the 
fuel mass flow rate was 2.31 kg/h. This result compares quite well with the measured 
value o f 2.34 kg/h. Therefore, the fuel mass flow rate was taken as correct and the air 
mass flow rate was determined by equation 3.34:
~  -  mfud (3.45)
(j) - (F  / A) Slklch
Further investigation of the flow rates can be found in Appendix B.3.
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The brake specific fuel consumption is featured in Figure 3.21. The bsfc lies between 
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Figure 3.21. The effect o f engine speed on the brake specific fuel consumption for 
throttle position 4 (half-open).
3.4.1.3 Comparison of Throttle Positions
The results of the tests o f throttle position 4 (half-open) greater than or equal to 2265 rpm 
were compared to that o f preliminary test 2 at throttle position 1 (wide-open). The 5 
points were chosen because their speed was closest to the three test points of preliminary 
test 2. Figure 3.22 shows the torque and power vs. RPM for throttle positions 1 and 4. 
As expected, the torque decreases with a decrease in throttle opening. A decrease in 
throttle position by one half resulted in a decrease in torque by close to a third for a given 
engine speed. The power for both throttle positions increased slightly through this range 
of engine speed.
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Figure 3.22. Comparison o f  torque and power between throttle position 1 (wide-open) 
and 4 (half-open) over a range o f engine speed.
Figure 3.23 shows the bmep and imep verses engine speed for the two throttle positions. 
It is clear that the mean effective pressure decreases with a decrease in throttle opening. 
It is also apparent that the mean effective pressure decreases with increased engine speed 
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Figure 3.23. Comparison o f imep and bmep for throttle position 1 (wide-open) and 4 
(half open) over a range o f engine speed.
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The pressure due to combustion o f  the peak pressure in MPa, as well as the location after 
top dead centre o f  the peak pressure in crank angle degrees, is shown in Figure 3.24. 
Generally speaking, the pressure due to combustion decreased with a decrease in throttle 
opening due to less charge entering the cylinder. In addition, the peak pressure decreased 
with an increase in engine speed again because o f a decrease in the volumetric efficiency 
o f  the engine at higher engine speeds. The location o f the peak pressure was greater with 
a larger throttle opening. This was a result o f  the increase in time required to bum more 
charge. Similarly, the location o f  the peak pressure increased as the engine speed 
increased.
—it— Pmax Comb thrl j- 100
—■— Pmax Comb th r4  j
— Loc Pmax thr4 j
■ 'A ■ Loc Pmax thrl j
I i0  J— _ __l — _ _ U . . ---- -------------------------- ---------------------<- 0
2200 2400 2600 2800 3000 3200 3400 3600 3800
RPM
Figure 3.24. Comparison o f the pressure due to combustion and crank angle location at 
maximum pressure for throttle position 1 (wide-open) and throttle position 4 (half-open) 
over a range o f engine speed.
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3.4.1.4 Cylinder Comparison Test
In-cylinder data was compared to investigate the differences between the two cylinders. 
It is possible because of tolerances and manufacturing inconsistencies normal to 
production, that one cylinder may be more powerful than another. Therefore, the #2 
cylinder was tested to validate the #1 cylinder. The #2 cylinder is exactly 360° out of 
phase with the #1 cylinder, thus, no additional calculations were required as the phase 
shift is incorporated with the engine test program. The tests recorded in-cylinder data 
from the #1 cylinder followed by the #2 cylinder at 2100 rpm using propane from a local 
retailer.
Because the engine was run at the same operating condition, the brake mean effective 
pressure was the same for both cylinder tests. The gross imep value was the imep 
calculated from the compression and power strokes only. The pumping imep was the 
value calculated from the exhaust and intake strokes only. Note that the negative 
pumping work represents a positive contribution to the net imep. The friction mean 
effective pressure was assumed to be the same for both cylinders. It was calculated by 
subtracting the total bmep value from average imep value from the cylinder comparison 
test:
frnep = imepave -  bmep . (3.46)
The bmep for each cylinder was calculated by subtracting the friction mean effective 
pressure from the indicated mean effective pressure for each cylinder. The results of the 
test are summarized in Table 3.4.
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Cylinder 2 showed a greater imep by 12.8 kPa and a larger peak pressure by 22.5 kPa. 
Cylinder 2 also experienced very similar standard deviation o f imep although the 
standard deviation of the maximum pressure was 20 kPa more than cylinder #1. From 
this, the #2 cylinder can be said to be more powerful than cylinder #1 by approximately 
3% at this engine speed. Moreover, because o f the lengths o f the exhaust tubes and the 
suction from the exhaust fan, the contribution o f the pumping imep to the net imep is 
different for each cylinder. At lower speeds, with the exhaust valve open for a longer 
period o f time, the contribution of the pumping imep may become greater leading to the 
imep o f each cylinder to be drastically different. This is presumably the case in Figure 
3.16 at 1170 rpm where the imep is considerably less than the bmep.
Table 3.4. Cylinder comparison between cylinder #1 and #2 at 2100 rpm for commercial 
propane. The respective brake torque, brake power and average bmep were 31.37 N-m, 
6.90 kW and 402.1 kPa.
Cylinder 1 Cylinder 2
Net imep (kPa) 406.6 419.4
imep std dev (kPa) 7.9 8.8
COV of imep (%) 1.9 2.1
Gross imep (kPa) 404.4 416.4
Pumping imep (kPa) -2.2 -3.0
Pumping imep (%of Net) 0.54 0.72
bmep (kPa) 395.7 408.5
fmep (kPa) 10.9 10.9
Mechanical Effeciency (%) 97.3 97.4
3.4.2 Blend Comparison Test
The four blends of various amounts o f oxygenated additives A (4%), B (2%), C (1%), 
and H (0%) were tested and compared to the baseline tests. In general, the results were 
slightly lower than the baseline test values. This was presumably due to the addition of
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the intake column to produce more accurate airflow measurements. The column reduced 
the vena contracta inherent with flow entering a pipe. The result o f the air column was a 
decrease o f power by less than 0.25 kW. Nonetheless, the focus of the tests was to 
compare the fuel blends using the baseline test as a guide.
The tests o f the four blends were conducted at engine speeds of 2100 rpm and 2400 rpm. 
These two engine speeds were chosen to be close to the middle o f the operating speed 
range for this throttle opening to ensure steadiness in the operation.
Figure 3.25 illustrates the torque versus engine speed for the baseline test as well as the 
four blends. As with the preliminary tests, the torque decreased with an increase in 
engine speed at this operating range. This shows the two operating speeds are on the 
decreasing side of the torque curve. The power increased through this range of engine 
speed. Looking closer at the difference between blends, the 2% additive was on the 
lower end o f the torque and power range for 2100 rpm with 29.20 Nm and 6.52 kW of 
brake torque and power respectively. As shown in the error analysis section, the margin 
of error for the torque measurements was ±0.54 Nm. The torque in both blends o f 2% 
and 1% additive were within the error limit o f blends containing 4% and 0% additive at 
27.48 Nm. The 1% additive blend was on the low end for 2400 rpm with 27.30 Nm and 
6.86 kW, while the brake torque and power for 0% was 27.66 Nm and 6.95 kW. All of 
the values of torque and power were within the respective ± 0.54 Nm and ±0.14 kW 
margin o f error.
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It follows that the values o f  the brake mean effective pressure were also within the 
margin o f  error (±13.8 kPa) for the two engine speeds. Figure 3.27 shows the bmep for 
four blends at two engine speeds as well as the baseline test. With the results o f the brake 
tests relatively indistinguishable, it was expected the in-cylinder data would provide more 
information in regards to the performance due to the fuel blend.
Baseline
27 4 —  
2000 2100 2200 2300 2400 2500 2600
RPM
Figure 3.25. The effect o f  fuel blend on brake torque for throttle position 4(half-open).
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Figure 3.27. The effect o f  fuel blend on brake mean effective pressure for throttle 
position 4(half-open).
The measurements o f  pressure were plotted against cylinder volume. Figure 3.28 shows 
a typical p -V  plot o f  16 cycles. The indicated mean effective pressure gathered from 
these diagrams was averaged over 116 cycles for each operating condition and is shown
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in Figure 3.29. The uncertainty associated with the imep is estimated to be ±10.4 kPa. 
Similar to the bmep, the 2% additive blend followed by the 1% blend showed the lowest 
imep at 2100 rpm with 393.4 kPa and 398.7 kPa respectively. Likewise, the 1% blend 
was lowest at 2400 rpm with 382.6 kPa followed by the 2% and 0% blends just over 385 
kPa and 4% at 391.9 kPa.
The coefficient of variation measuring cycle-to-cycle variations is plotted in Figure 3.30. 
The values of the coefficient o f variation remain fairly constant for both operating speeds. 
All o f the values are within 0.75% with blend B recording the highest at 2.7% and 2.6% 
at 2100 rpm and 2400 rpm respectively. The lowest coefficient of variation was achieved 
by blend FI at 1.9% followed by blend A at 2.0% for 2100 rpm. At 2400 rpm, blend A 
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Figure 3.28. Cylinder pressure versus cylinder volume at 2100 rpm with blend H at 
throttle position 4 (half-open).
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Figure 3.30. The effect o f fuel blend on the coefficient o f variation o f the indicated mean 
effective pressure for throttle position 4 (half-open).
In-cylinder data also provided information about the maximum pressure as well as the 
location and elapsed time after the spark until the maximum pressure occurred. These
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results are plotted in Figures 3.31 to 3.34. The maximum pressure for the 2% additive 
blend was noticeably less then the others at 1.73 MPa for 2100 rpm and 1.63 MPa for 
2400 rpm. However, all o f  the average maximum pressures fall within one standard 
deviation. The maximum pressure was less for the higher engine speed in all cases.
The location o f the maximum pressure is shown in Figure 3.33. For 2100 rpm, the 
average location o f  the maximum pressure falls between 19° for the 1% blend and 20° for 
5%. With a standard deviation close to 2°, the results are virtually identical. At 2400 
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Figure 3.31. The effect o f  fuel blend on the pressure due to combustion o f the maximum 
cylinder pressure at throttle position 4 (half-open).
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Figure 3.32. The effect o f  fuel blend on the coefficient o f variation o f the maximum 
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Figure 3.33. The effect o f  fuel blend on the location after top dead centre o f  the 
maximum cylinder pressure at throttle position 4 (half-open).
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Figure 3.34. The effect o f fuel blend on the elapsed time after top the spark o f the 
maximum cylinder pressure at throttle position 4 (half-open).
The average elapsed time for the maximum pressure is shown in Figure 3.34. The peak 
pressure occurred in a shorter time for an engine speed o f 2100 rpm compared to 2400 
rpm for each blend. The range for each engine speed was close to 0.1 ms.
The levels o f oxides o f nitrogen decreased slightly with an increase in engine speed for 
all fuels as shown in Figure 3.35. Blend B, the 2% additive blend, showed the lowest 
amount o f  NOx at both engine speeds o f  2100 rpm and 2400 rpm with 7.6 g/kWh and 
10.0 g/kWh respectively. The 0% additive blend recorded the highest amount o f NOx 
with 12.1 g/kWh at 2100 rpm while the 4% blend recorded 10.8 g/kWh at 2400 rpm. All 
tests at these conditions were below the 2003 EPA test standard o f 15 g/kWh while mose 
were slightly higher than the Onan value 8.4 g/kWh. This test was at two specific 
operating conditions and does not compare to the comprehensive standard tests.
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Figure 3.36 show the results o f  the carbon monoxide emissions test. The levels o f CO 
increased as the engine speed increased over this interval. The 0% additive blend showed 
the lowest amount o f  CO at 2100 rpm with 1 g/kWh while the rest o f the blends recorded 
1 g/kWh more at the same speed. At 2400 rpm, blend B recorded the lowest amount of 
CO with 4 g/kWh while blends A, C and H recorded 1 g/kWh more with 5 g/kWh.
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Figure 3.35. The effect o f  fuel blend on emission levels o f NOx for two engine speeds at 
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Figure 3.36. The effect o f  fuel blend on emission levels o f CO for two engine speeds at 
throttle position 4 (half-open).
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The emission levels o f  carbon dioxide and oxygen are shown in Figure 3.37. The 
relationship between O2 and CO2 described in baseline test results for half-open throttle 
was prevalent in this comparison test. As the engine speed increases, the O2 level 
decreases and the CO2 level increases.
B aseline
X—  c
2000 2100 2200 2300
RPM
2400 2500 2600
Figure 3.37. The effect o f fuel blend on CO2 and O2 concentration in exhaust for two 
engine speeds at throttle position 4 (half-open).
The brake specific fuel consumption is shown in Figure 3.38. The bsfc decreased by 
approximately 25 g/kWh with an increase in engine speed. This follows the trend in the 
provided in the Linamar specifications o f  Table 3.1 for the gasoline engine.
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Figure 3.38. The effect o f  fuel blend on brake specific fuel consumption for two engine 
speeds at throttle position 4 (half-open).
Mass fraction burned analysis was conducted for each test in an attempt to determine 
further combustion characteristics. The crank angle degree after the spark, as well as the 
elapsed time, was recorded when the charge was calculated to be 2%, 5%, 10%, 50%, 
90% and 100% burned. A typical mass fraction bum  plot for 16 o f 160 cycles o f  blend A 
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jbq_ __-10
Figure 3.39. Mass fraction burned for 16 cycles o f  commercial propane at 2400 rpm.
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The first observation that can be made from the data is that at top dead centre (20° after 
ignition), approximately 10% of the fuel is burned. Thus, to start, the flame was 
relatively slow to propagate. The burning rate increased parabolically reaching a 
maximum bum rate just before half o f the bum duration. At this point, the mass fraction 
bum rate decreased parabolically as portions o f the flame front were in contact with the 
cylinder walls. The standard deviation increased as the mass fraction burned increased. 
The whole charge is burned approximately 70 crank angle degrees after the spark. This 
illustrates the speed of the flame is greater than the piston speed.
Figure 3.40(a) shows the crank angle degree after top dead centre to reach the percentage 
burned for each blend at 2100 rpm. The 2% additive blend showed a greater delay to 
obtain the percentage burned, however, considering the standard deviation was close to
1.3 ca°, the amount o f the delay is insignificant. In fact, similar results are obtained with 
an engine speed of 2400 rpm in Figure 3.40 (b). The 2% additive again shows a larger 
postponement to the percentage burned. At both engine speed blends A(4%), C(l% ), and 
H(0%) had very similar results, just below that of blend B(2%).
Figure 3.41 show the same results plotted against time. From this graph, it is evident 
time taken to bum 5% to 50% was approximately equal as the time taken to bum 50% to 
90% and 90% to 100%. The bum duration was close to 6 ms after the spark and this 
value decreases with increasing engine speeds. It was expected that increased turbulence 
intensity, hence increased flame speed be caused by an increase in the piston speed at 
higher engine speeds.
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Figure 3.40. The effect o f fuel blend on the degree after top dead centre to reach mass 
fraction burned at 2100 rpm (a) and 2400 rpm (b).
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Figure 3.41. The effect o f fuel blend on the elapsed time after the spark to reach mass 
fraction burned at (a) 2100 rpm and (b) 2400 rpm.
3*4.3 Components of Flam e Speeds
The flame speeds in the engine are composed of four main components: the laminar 
flame speed; the flame speed due to the turbulence intensity; the expansion factor o f the 
hot product gas; and the preheating o f the reactant gas caused by the compression of the 
cylinder.
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The flame speed in the engine can estimated by dividing the distance from the spark to 
the far edge of the cylinder bore by the bum duration. In the L-head configuration, the 
distance from the spark to the far edge o f the bore is approximately 1.5 bore diameters or 
114 mm. The time taken for the flame to achieve 100% bum is approximately 6.5 ms at 
2100 rpm according to Figure 3.41(a). Thus the flame speed as calculated in this method 
is approximately 17.54 m/s.
If we assume polytropic compression o f the reactant gas with the polytropic exponent, n, 
equal to 1.3 with initial temperature and respective pressure and temperature at ambient 
conditions of 101.3 kPa and 300 K, then the estimated pressure and temperature prior to 
combustion is approximately 1270 kPa and 540 K. Using Equation 2.1, the preheating o f 
the reactant gas increases the laminar flame speed to 0.83 m/s.
The expansion factor can be obtained by considering a volume of reactant gas that is
compressed and ignited. The expansion factor, E, can be written as:
„  Vj T2 R? m7 P , _   ̂ „£  = -2- = - ! . —  ----- ------- _ (3.46)
Vx Tx R 2 mx P2
where the subscripts 1 and 2 represent the conditions just prior to ignition and after 
ignition respectively.
The universal gas constant for the burned and unbumed gas is approximately equal since 
the dominating component of the mixtures is nitrogen. Because of the law of 
conservation o f mass, the initial and final mass is equal. Assuming a negligible increase 
in pressure, and the initial and final temperatures taken as 540 K, and 2100 K, the
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expansion factor is approximately equal to 3.9 and the component o f speed due to the 
expansion factor, ve, is 3.24 m/s.
Finally, the component of speed due to turbulent flame propagation is given by:
v' = v - v E - S L, (3-47)
where:
v is the flame propagation speed,
Si is the laminar flame speed, and
ve is the component o f the flame speed due to the expansion factor, E, 
given by:
vE -  Sl-E, (3-48)
Therefore, the component of the flame speed due to turbulent flame propagation is 
approximately 13.5 m/s.
3.4.4 Sources o f Error
In experiments such as this, errors are inevitable. A mechanism such as an engine with 
hundreds of parts and tolerances are predisposed to minor unbalances and instabilities. 
Furthermore, inconsistencies in the vapourisation of the fuel as well as the fuel-air mixing 
process add to the inconsistencies o f engine operation. These are all typical in normal 
engine operation therefore are not considered as a source of error.
Some sources o f error can be found in the measuring devices and measuring techniques. 
As reported in the Experimental Apparatus section, the dynamometer required proper 
gearing for the engine torque and speed to be in an acceptable testing range. The gearing 
of the engine introduced a number o f additional error sources for the experiment
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including: errors in chain length and tension; alignment of the sprockets, bearings and 
couplers; and mechanical losses due to friction. On the other hand, there is a reduction in 
error due to the increased rotational speed o f the dynamometer. These are all considered 
a bias error and are presumed to be consistent throughout the experiment.
In addition to errors with the torque and speed measurements, a source o f error came with 
the fuel flow to the engine. The fuel flow measuring technique may have slightly 
underestimated the fuel flow to the engine because of the decreasing mass of fuel in the 
fuel line as the pressure of the fuel bottle decreases. This error is approximately 0.6%.
Within the context of finding the imep, a more accurate method of numerical integration 
was sacrificed for a higher resolution. Simpson’s rule is an ideal method to integrate 
numerically around the p -V  curve. One o f the requirements o f Simpson’s rule is that the 
step size be uniform. The midpoint rule does not have this restriction, therefore was 
favoured in this circumstance. Appendix B.2.2 covers the determination of the 
uncertainty in the imep calculations.
Some errors may have been encountered with the calibration o f the dynamometer. 
Discrepancies between the displayed value o f power and the calculated value of power 
existed. For consistency, the values of torque were taken to be correct. All values o f 
power in this study were calculated with the engine speed and the torque by use of 
Equation 3.2. Appendix B.2.1 examines the uncertainty in the brake values.
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3.6 Conclusions
The following conclusions can be drawn from the experimental investigation and the 
analysis of the data:
I. The preliminary test provided a baseline torque and power curve over a range of 
engine speeds. The values were comparable to the manufacturer’s data for wide- 
open throttle operation.
II. A decrease in throttle opening decreased the mean effective pressure as well as the 
brake specific fuel consumption and the NOx emission. It also increased the CO 
production and the location after top dead centre of the peak cylinder pressure.
III. No blend showed a change in performance beyond measuring parameter’s 
uncertainty value.
IV. The method to measure the air mass flow rate failed. A better method to measure 
the air mass flow is required.
3.5 Recommendations
Future experiments would benefit greatly with the consideration of some o f the following 
recommendations. The fuel limit in the laboratory is very intrusive to the integrity o f the 
tests, especially at wide-open throttle. If the fuel is stored outside of the test room, a 
larger container could be used to store it. This would eliminate premature vapourisation 
and subsequent power loss during a test run.
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A mass flow meter would provide more accurate and instantaneous measurements o f fuel 
flow. The meter, mounted on the low-pressure side of the vapouriser, before the mixer, 
would provide direct calculation o f the flow rate and reduce errors found in this 
experiment.
Airflow may be more accurately measured with an intake plenum to remove the pulsating 
flow in the intake manifold. The use o f straightening vanes to reduce the effects o f the 
vena contracta associated with flow entering a pipe may also help to reduce turbulence 
and smooth the flow to a normal flow pattern.
A throttle position indicator may benefit this experiment if  further investigations require 
partially open throttle. Vibrations in the table by the engine cause some wobble in the 
throttle linkage. This was reduced by shortening the length o f the linkage, but was not 
eliminated.
Although time-based measurements for in-cylinder pressure data provided better 
resolution, the calculation time increased significantly due to the inconsistency of the 
sampling period with respect to the crank angle. Measurements triggered to the actual 
crank angle degree would make calculations would be much simpler.
The engine program incorporated the phase shift in identifying top dead centre of a given 
cycle, however, the macros designed to calculate the indicated mean effective pressure 
and the mass fraction bum analysis did not. Because of this, complete cycles were not 
always measured from the top dead centre prior to the intake stroke. As a result, some
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graphs for the mass fraction bum exhibited irregularities at top dead centre. However, 
this did not affect the mfb results presented in this study. Therefore, improvement to the 
engine program to manage the phase shift is warranted.
Software available for in-cylinder pressure data would reduce the calculation time 
required for this experiment. In addition, the measurement o f the two cylinders 
simultaneously would create a true average of indicated values.
3.6 Connection
Flame propagation in a duct and combustion in a spark ignition engine are related 
phenomena. Flame propagation in a duct consisted o f an initially a laminar flame kernel 
at the spark. The flame front propagated outward as a laminar flame with a contribution 
o f an expansion factor. The subsequent flame propagation speed in the duct was 
enhanced by turbulence. Combustion in an engine is fundamentally similar. Although 
the chamber geometry is changing in a spark ignition engine, an initially laminar flame 
kernel propagates outward with contribution from an expansion factor. The turbulence in 
an engine is generated by the induction and compression o f the charge in addition to the 
induced flow caused by flame propagation.
The factors in determining the flame propagation speed were shown to be similar for both 
the flame propagation duct and the spark ignition engine and are summarised in Table 
3.4. The flame propagation speed in the engine was estimated to be 17.5 m/s at 2100 rpm 
compared with 15 m/s for the lean condition in the duct. The expansion factor for the
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engine was 3.9 compared to the 7.0 o f the duct. The greatest factor affecting the flame 
propagation in a duct and an engine was the turbulence intensity component of 
propagation speed. It compared very close at 12.6 m/s and 13.5 m/s respectively.




V 15 m/s 17.5 m/s
Sl 0.3 m/s 0.8 m/s
E 7.0 3.9
vE 2.1 m/s 3.2 m/s
v ' 12.6 m/s 13.5 m/s
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Appendix A 
Table of Specifications




Seal O-ring cord compression seal
Cross Section (H x W) 2.54 x 5.08 cm ( 1 x 2  in)
Straight Section Length 172.72 cm (68 in)
Centerline Angle Radius 90° 6.35cm (2.5 in)
Straight End Section 30.48 cm (12 in)
Overall Centerline Length 213.17cm (83.9 in)
Total Volume 2.647 L (0.002647m3)
Optional Configurations 180°
Straight End Section 7.62 cm (3 in)
Overall Centerline Length 200.29 cm (78.9 in)
Total Volume 2.378 L (0.002347m3)
Exit Opening Area 0; 3%; 5%; 10%; 25%; 50%; 75%; 100%
Injector Position 30.48cm(12in); 60.96cm(24in); 160.02cm(63in)
A.2 Gas Mixture Preparation Panel
Mixing bottle 2.25L (11.44 in3) Stainless Steel
Vacuum Pump DuraVane lubricated rotary vane pump 
Flow rate 2.2CFM 
Final pressure 1.5 Torr 
Motor 150W/60Hz 3400RPM
Pressure Gauge ASHCROFT type 1082: delineated in (inHg)Vacuum, (psig) 
positive. Accuracy 0.25%. 100 psig maximum
Valves 4 ball-type valves with needle flow control valves
Manifold: Anodized aluminum 5-port manifold 
1 -  Omega Digital Pressure gauge 0-200 psi abs 
3 - 5/16 ball-type valves 
1 -5 /1 6  portl -  3/8 port
A.3 Oxidizer
Vehicle Emission Zero Dry Air
Gas Content




Total Hydrocarbons <0.1 ppm
NOx <0.1 ppm
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A.4 Fuel
Commercial HD-5
Propane Not less than 90% Liq. Vol
Propylene Not more than 5% Liq. Vol
Butanes and Heavier Not more than 2.5% Liq. Vol
Instrument Grade Propane 99.5% Liq. Vol
A.5 PCB 106B ICP Pressure Sensor
Dynamic Performance
Dynamic Range(for +2.5V 
output)
57.2 [8.3] kPa [psi]
Maximum Pressure (step) 1 379 [2001 kPa [psi]
Maximum Pressure (static) 13 800 [2 0001 kPa [psi]
Resolution 0.00069 [0.0001] kPa [psi]
Resonant Frequency >60 kHz
Operating Temperature -54 t o +121 [-65 to +250] °C [°F]
Sensitivity 43.5 [300] mV/kPa [mV/psi]
More information can be found at PCB.com
A.6 PCB 422D13 Inline Charge Amplifier
Voltage Gain Selectable x l, xlO, xlOO
Low Frequency Response (-5%) 0.15 Hz
High Frequency Response(-5%) 0.100 kHz
DC Offset (maximum) <30mV
Broadband Noise (1Hz to 10 kHz) 3.51 pV rms
A.7 PCB 480E09 Signal Conditioner
Charge to Voltage Conversion l.OOlmV/pC
Non-linearity ±1%
A.8 Camera
Kodak Motion Corder High speed CCD camera
Frame Rate Up to 10000 frames per second (1/10000 s)
Lens 12mm TV lens, 60mm TV lens, 12.5-70mm TV lens
Sensor 658 x 496 pixels
Gray scale 256 levels
Storage 546 Frames
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A.9 Engine
Model Linamar LX990 LPG
Peak HP 18.05 @ 3600RPM
Engine Type Horizontally Opposed 2-Cylinder, 4-Stroke, 








Block Cast Aluminum, Cast Iron Cylinder Liners
Ignition Electronic Ignition 20°btdc non-adjustable





Ignition Timing Fixed at 20° btdc
A. 10 Dynamometer
Go-Power Systems D-100 Portable 
Dynamometer
RPM 14 000 maximum
Power 74.58 kW (100 HP) maximum
Torque 88.1 Nm (651b-ft) maximum
Speed Accuracy ±10RPM
Torque Accuracy ± 0.3 lb-lit
Size w x h x d 22.48 x 15.24 x 12.70 cm (9 x 6 x 5 in)
Weight 1.81 kg (4 lb)
Sprocket 18 tooth No.40 l^in pitch %in bore (Dyno) 
24 tooth No.40 VHn pitch 1 l/8in bore 
(Engine)
Chain No.40 % in pitch 25 links (8 inches b/w shaft 
centers)
More information can be found at stonebennett.com
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A .ll  In-cylinder Pressure Sensor
Model Kistler 6117B Measuring Spark Plug with Integrated Cylinder 
Pressure Sensor
Range 0...200 Bar
Calibrated Partial Range 0...50 Bar
Overload 250 Bar
Sensitivity at 200°C 17.2 PC/bar
Natural Frequency -130 KHz
Linearity <±0.6 %FSO
Operating Temperature Range <350 °C
Sensitivity Shift 2Q0±50°C <±1.5 %
Thermal Shock




More information can be found at Kistler.com
A. 12 Exhaust Gas Analyzer
Model IMR Environmental Equipment International, Inc. IMR 2800P
Pumping rate 1.63 L/min





± 1% of end value of the range




± 1% of end value of the range




± 1% of end value of the range




± 1% of end value of the range




± 1% of end value of the range





°F Flue Gas Temperature 
Thermocouple
32-2732T ±2%
More information can be found at IMRUSA.com
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A.13 Propane Properties
Stoichiometric C3H8 + 5(02 + 3.76N2) (air 21%02 79%N2)
(j)=1 F / A  = 4.03%
Lower Flammability Limit <J>l = 0.52 F/A L ow er =  2 . 1 %
Upper Flammability Limit 4>u = 2.35 F /A u p p e r  = 9.5%
Molar Mass 44.096 g/mol
Liquid Density 582.5 kg/m3
Specific Gravity 0.588 water=1






Ignition Temp. 493 — 604 °C
Boiling Point -42.1 °c
Melting Point -188 °c
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Appendix B 
Uncertainty Analysis 
B .l Flame Propagation Uncertainty Analysis 
B.1.1 M ixture Preparation
When preparing the mixture, certain errors were unavoidable and are highlighted in this 
section. The errors in mixture preparation, lead to an error in the equivalence ratio, 
which is one of the main parameters in the investigation.
Considering the uncertainty of the mixture, the desired parameter, <j), is dimensionless. 
For all specifications refer to Appendix A. First, before filling the mixing bottle, the 
bottle is flushed with the test air. The vacuum pump evacuates the chamber to a final 
pressure o f 0.2 kPa. The residual gas left in the bottle is assumed to be the test air.
B .l.l.lF u e l
The following table shows the measurement and instrument errors associated in the fuel 
filling in exterminating <j>=T.
 Table B .l. Fuel uncertainty parameters.______
Desired pressure 30.48 kPa
Fuel mixture .5% ±0.15 kPa
Fuel filling ±1.72 kPa ±1.72 kPa
Fuel gauge .25% ±0.076 kPa
v f  = a/o. 152 +1.722 +0.0762 , (B .l)
Thus,
Vf= ±1.73 kPa, (B.2)
where w/is the uncertainty of the fuel.
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The desired pressure o f in the mixing bottle is 30.48 kPa. Instrument grade propane is 
99.5% pure propane. The uncertainty associated with filling the bottle is ±1.72 kPa. The 
gauge has an accuracy of 0.25% of the reading. The geometric mean gives the 
uncertainty of the fuel as ±1.73 kPa.
B .l.1.2 Air
The following table shows the measurement and instrument errors associated in the fuel 
filling in exterminating (j)=l.
 Table B.2. Air uncertainty parameters.______
Desired pressure 726.04 kPa
O2 content .209% ±1.52 kPa
Air filling ±1.72 kPa ±1.72 kPa
Air gauge .25% ±1.82 kPa
Fuel filling ±1.73 ±1.73 kPa
o a = Vl-522 ±1.722 ±1.822 ±1.732 , (B.3)
va = 3.40 kP a , (B.4)
where va is the uncertainty of the air.
For the addition o f air, the desired pressure added is 726.04 kPa. The oxygen content, 
which affects (j), is 20.9%±1%. Therefore the error in kPa is ±1.52. Adding air has and 
error o f ±1.72 kPa from the delineation with ±1.82 from the accuracy of the scale. In 
addition to these, since the fuel was added first to the mixing bottle, the uncertainty of 
adding the fuel, ±1.73 kPa, must be taken into account. The root of the sum of the 
squares yields an uncertainty of ±3.40 kPa associated with the fuel.
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B.1.1.3Equivalence Ratio
The uncertainty in § is determined using the following equation:






For (j)=l and using the above uncertainty values for the fuel and air, the uncertainty in <j) is 
±0.06. In fact, ±0.06 is the uncertainty for all equivalence ratios.
B.1.2 Leakage
In a system such as the FPD, it is next to impossible to provide a perfect vacuum seal. 
The duct was evacuated to test the rate o f leakage into the duct. The duct was vacuumed 
to an ultimate pressure o f 2.76 kPa then was sealed. Pressure measurements were made 








Thus, during the time it takes to fill the duct, which is less than one minute, 
approximately 0.34 kPa of foreign air would infuse in the duct. That is if  the duct 
maintained at much less than atmospheric pressure. However, with the mixture being 
introduced to the duct increasing the pressure inside, the amount o f foreign air to infuse is 
negligible to these experiments.
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B.1.3 Flame Processing
Uncertainty arose when investigating the flame position in the computer video. The 
defining coordinates are assigned an error of ±0.5 pixels. Since the flame search is done 
digitally, the uncertainty o f locating the flame is dramatically reduced. The uncertainty 
associated with locating the flame, is ±0.5 pixels. The distance between the defining 
coordinates is 1.82 m giving a meter to pixel ratio of 3.67x10°, if  we consider the case 
where the number o f pixels between the defining coordinates is 496. For this case, the 
uncertainty of finding the flame would be:
where:
Va and Ob are the respective uncertainty in the defining coordinates,
Vfl is the uncertainty in the location of the flame front, and 
As is the uncertainty in finding the position o f the flame.
Since the temporal uncertainty related to the camera is negligible, the uncertainty of the
speed is a function of the position:
where:
v  and A v  are the speed and the uncertainty o f the speed respectively,
5 is the difference in position o f the flame front, and
Asi and As2 are the uncertainties o f the successive positions o f the flame front.
For the case o f the first local maximum speed peak of <j)=l.l of blend I, the uncertainty 
would be ±0.61 m/s. The first local minimum speed would have an uncertainty of ±0.10 
m/s.
Finally, to find the uncertainty in the overall average speed:
As = iJiJj + u2b+ d2ji -  0.866 pixels or 3.2 mm, (B.6)
(B.7)
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where:
Ad  = -yjvl + v 2 b , and (B.9)
v and Av are the respective overall average speed and uncertainty of the overall 
average speed.
For the same case of <j)=l .1 for blend I, the uncertainty in the overall average speed would 
be ±0.01m/s.
B.1.4 Pressure
The resolution of the pressure transducer is far more than adequate for these calculations. 
While still adequate, the limiting factor however, is the resolution of the DAQ board.
The DAQ board recorded the output voltage to an accuracy of 1.787 mV. Using the 
sensitivity of the pressure transducer of 44.164 mV/kPa, the accuracy in kPa is 0.04kPa.
160
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
B.2 Engine Uncertainty Analysis
B.2.1 Brake Values
The dynamometer has an error o f ±0.3 ft-lbs. Including the change in units:
Te = (1.5)(1.356)Td , (B.10)
where:
TE and To are the respective engine and dynamometer torque.
Thus,
ATf -  —  ■ ATd = -(L3-5^ -(M  (B.l 1)
£ Td d (0.75)
ATe = ±0.54 Nm . (B.12)
Since the engine power is a product o f the engine speed and the engine torque, the error 
associated is:
a p e = p e .
a r p m e
v XPM e ,





PF = 2̂ - R P M - T f  . (B.14)
L 60 L
Thus, with an engine speed o f 2400 rpm and a torque o f 27.48 Nm, the error in Pe is 
0.139 kW.
Furthermore, the error associated with the brake mean effective pressure is as follows:
4-TT A tt
Abmep =  ^  • A T f = - - - - - - - - - — ------  • (0.54) , (B. 15)
F Vs h 4.902 x 10
Abmep = 13.80 kPa . (B .l6)
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When estimating the error in the indicated mean effective pressure, there are many 
factors to consider.
B.2.2 Indicated Mean Effective Pressure
Because o f the high resolution in regards to the crank angle, the error associated with p d V  
shall be assigned 2%. Using this error, and the net imep being just the sum of the 
incremental pdV, then it follows:
Thus for one cycle of blend A at 2100 rpm, the error is approximately 10.4 kPa or about
Aimep = (C,) I A (pdV )? (B .l 7)
where:
Ci is the unit conversion factor divided by the swept volume:
C] 4.902 x l0 “4 ’
(B .l 8)
and, the sum of the square of the error in the incremental work is given by:
^ { p d V ) ]  ={pdVx • (0.02))2 + {pdV2 • (0.02))2 + ... (B.l 9)
2.6%.
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B.3 Investigation of Air and Fuel Flow Rates
This is an outline of the investigation performed to determine the discrepancies o f the 
equivalence ratio. In section B.3.1, the measured fuel flow rate is compared to the 
estimated fuel flow rate based on the equivalence ratio o f the gas analyser and the 
estimated airflow rate. The air mass flow rate is estimated using different values of 
volumetric efficiency. Also shown is the fuel consumption data of the LX990 gasoline 
engine and the P224 propane engine.
The airflow data is investigated in the section B.3.2. The measured airflow rate is 
compared to the estimated airflow rate based on the volumetric efficiency and the engine 
speed.
B.3.1 Fuel Flow
The overall efficiency is defined as follows [Stone 1999]:
Ho =  Pb/(CV- mf ), (B.20)
where:
rj0 is the overall engine efficiency,
Pb is the brake power,
the calorific heating value o f propane, CV, is 46 334 kJ/kg [Stone 1999],
and
mf  is the fuel mass flow rate.
The fuel mass flow rate using ideal airflow and volumetric efficiency is:
mf =T]v-V/2-pair-RPM/60-(ff(F/A) stoich, (B.21)
where:
rjv is the volumetric efficiency o f the engine, 
the swept value of the engine, Vs, is 9.81xl0 '4 m3, 
the density of air, p air, is 1.1774 kg/m3, and 
the stoichiometric fuel air ratio, (F/A)stoich , is 0.06397.
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Measured Fuel Consumption (blend H  @ 2400 rpm)
tiif  =43.3 g/min = 2.60 kg/h
Ph = 6.95 kW
Calculated values (blend H  @2400 rpm) 
rj0 — 0.21
bsfc = 374 g/kW-h <- 
Estimated Fuel Consumption (blend H  @ 2400 rpm, 0=0.843from  gas analyser)
mf  = (?/v)(0.000981234)(2400)(1.1774)(0.843)(0.06397)/(2-60)
for rjy =1.0
tiij = 4.48 kg/h
T]o =  0.12
bsfc = 645 g/kW-h
for j]v = 0.8
mf  = 3.58 kg/h
Tj0 = 0.15
bsfc = 515 g/kW-h
for r/v = 0.6
rhj = 2.68 kg/h 
rjo =  0.20
bsfc = 385 g/kW-h <- 
Estimated Fuel Consumption (Linamar L X 9 9 0  Gasoline @ 2400 rpm WOT) 
Measured Values
Pb = 10.75 kW bsfc = 445 g/kW-h
Calculated Values
Using Equation 3.16, the fuel mass flow rate can be obtained: 
mf  = bsfc-Pb = 4.78 kg/h
0o= 0.17
Estimated Fuel Consumption (Onan P224 Propane @ 2400 rpm Full Load) 
Measured Values
Pb= 11.03 kW bsfc = 337 g/kW-h
Calculated Values
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t]0 = 0.23 (B.39)
B.3.2 A ir Flow
Measured Air Flow
The measured air flow rate was obtained from the air speed for blend H by Equation 3.26.
Measured Value (blend H  @ 2400 rpm) 
vair= 5.70 m/s
Calculated Value
ma = pair-v  A = (1.1774)(5.70)O/4)(0.067)2 (B.40)
ma= 0.02266 kg/s =85.18 kg/h (B.41)
Estimated Air Flow (@ 2400 rpm)
ma= TvVs/2-RPM/60-pair (B.42)
ma= (riv)(0.000981234)-2400/(2-60)-(l. 1774) (B.43)
for Tjy = 1.0
ma = 0.02308 kg/s =83.10 kg/h (B.44)
for rjv = 0.8,
ma = 0.01847 kg/s = 66.48 kg/h (B.45)
for rjv = 0.6
ma =0.01385 kg/s = 49.86 kg/h <— (B.46)
B.3.3 Equivalence Ratio
If we use the measured fuel flow values and the estimated airflow values for r|v=0.6 the 
equivalence ratio can be obtained.
(Blend H @  2400 rpm)
mf  = 2.68 kg/h (B.47)
ma = 49.86 kg/h (B.48)
<^=(2.68/49.86)/(0.06397) = 0.840 (B.46)
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This compares favourably to the measured equivalence ratio o f 0.843 from the gas 
analyser.
B.3.4 Conclusion
Contrary to what was previously assumed, the fuel flow should be taken as correct while 
the airflow estimated. The error made by neglecting the volumetric efficiency o f the 
engine. In addition, the anemometer reading was fairly inaccurate. This is primarily due 
to the fact that this anemometer is used for free stream velocity measurements and not for 
pipe flow. Pulsations of the intake air may also have produced errors.
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Appendix C 
Automated Computer Video Data Processing
The images from the flame propagation speed experiments were processed in order to 
resolve the flame speed of the mixture. A routine was written for the Matrox Inspector 
imaging program to assist in the processing. Automating the processing procedure was 
deemed necessary to reduce the extensive processing time, quantitatively define the flame 
front, and finally, to reduce human errors. Matrox Inspector contains scripting 
capabilities which were used to accomplish these tasks. Ethan Barbour [2002], a co-op 
student at the University o f Windsor, wrote and tested the flam e search program using 
Basic.
Image processing software was purchased and used to digitally record the images and 
store them for future analysis as well as process the current videos quickly and 
accurately. The flam e search program was created to run within Matrox Inspector and 
operates as follows:
The Graphical User Interface allows the user to browse for an input video file. Three 
defining coordinates are input to determine the dimension of the duct. Point A is located 
at the intersection o f the upper boundary of the horizontal channel and the outward 
boundary of the vertical channel. Point B is located at the upper boundary of the channel 
and the spark end plate. Point C is located at the outward boundary of the vertical 
channel and the exit end plate. These points define the geometry and orientation of the 
duct.
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Point APoint B
Point C
Figure C. 1. The position of the defining coordinates.
The video contains a sequence o f 8-bit gray-scaled images. For the computer to process 
the video, the images must be numerically represented. The image digitization process 
divides the colour intensity into integer values ranging from 0 (pure black) to 255 (pure 
white).
To begin processing, the video image is put through a threshold filter. The filter commits 
each pixel in the video to either black or white. Black is considered background and 
white is considered the flame. The threshold value is determined by first determining the 
background intensity. The background intensity is the common intensity value in the 
video tile. The largest intensity value of the video file, which is caused by the flame, is 
also determined. If  the difference between the pixel in question and the background 
intensity is larger than a certain percentage o f the difference between the largest intensity 
value and the background, the pixel will be given the value o f 255 and be defined as the 
flame. A value o f 5.5% was determined to be the threshold value.
Flame exists if: (intensity o f pixel in question) - (background intensity) > 5.5%
(greatest intensity) - (background intensity)
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Figure C.2 (a) Video image of the flame (b) image with threshold filter applied.
Unfortunately, any determination of a flame in this manner inherently contains some 
subjectivity. However, this determination facilitates the need to have a consistent method 
o f measurement throughout all the experiments.
Now that the flame is defined, the flame search program rotates the image to horizontal, 
based on the determination of Point A and Point B o f Figure C .l, to correct the image if 
the camera is not set up level. The program scans from the exit end, through the bend 
and towards the spark end until the flame is discovered at each pixel along the height. 
The values of the most forward distance, centerline distance, average distance as well as 
the length o f the flame front, are recorded.
Flame-front using most 
advanced point.
Flame front using 
centreline o f  duct
Figure C.3. An example of the difference between most advanced and centreline 
distance.
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Finally the program uses the pixel to distance ratio, given by the supplied coordinates, to 
output a file that can bd transported to a spreadsheet for presentation. The file contains a 
file number; the analysed video filename; the frame rate; the frame number and 
corresponding time; the measured quantities o f distance of the most advanced, average 
and centerline point o f the flame; as well as the calculated speed of the most advanced, 
average and centerline points o f the flame and their corresponding distance.
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Figure D .l. Two trials o f instrument grade propane, <j>=T.l, 0-13 cm, 2000fps.
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Figure D.2. Instrument grade propane, ({>=1.1, 5-17cm, 2000fps.
11.5ms
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Figure D.3. Instrument grade propane, (j>=l.l, 2000fps.
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Figure D.5. Instrument grade propane, <j>== 1.1, 43-48cm, 3000fps.
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Figure D.6. Instrument grade propane, <j)=l.l, 2000fps. Transition from a flat to split flame.
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Figure D.7. Instrument grade propane, 4>=1.1, 69-79cm, 2000fps.
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Figure D.8. Instrument grade propane, <(>= 1.1, 124-136cm, 2000fps.
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Figure D.9. Instrument grade propane, <(>—1.1, 136-145cm, 2000fps.
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Figure D.9. Instrument grade propane, <j>=l.l, 136-145cm, 2000fps con’t.
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Figure D.10. Instrument grade propane, <j>=l.l, 145-155cm, 2000fps.
p H
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Figure D .ll . Instrument grade propane, <t>=l.l, 155-165cm, lOOOfps.
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Figure D.12. Instrument grade propane, (j)=l.l, 165-175cm, 2000fps.
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Figure D.13a. Instrument grade propane, <j>=l.l, 170cm -bend, 2000fjps.
185
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission
Figure D.13b. Instrument grade propane , <t>=l.l, 170cm-bend, 2000fps.
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Figure D.14. Instrument grade propane, <j)=l.l, Bend section, 2000fps.
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Figure D.14. Instrument grade propane, <j>=l.l, Bend section, 2000fps con’t.
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Figure D.15. Instrument grade propane, <|)=1.1, bend -  vertical 4cm, 2000fps.
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Titr-ir? D 16. Instrument grade propane, <J>:,=1.1 bend to v 7cm, 20Q0fps.
I
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Reproduced with
Figure D.16.  Instrument grade n m n a n o  A_1 1 1  -
1
191
permission of the copyright owner. Further reproduction
prohibited withoul permission.
Figure D.17. Instrument grade propane, <|>-1.1, Bend section, lOOOfps.
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Figure D.19, Instrument grade propane, <()= 1.1, bend section, lOOOfps.
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Figure D.19, Instrument grade propane, <j>=l.l, bend section, lOOOfps con’t.
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Figure D.19, Instrument grade propane, (j>=l.l, bend section, lOOOfps con’t.
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Reproduced with permission
Figure D.20. Instrument grade propane, <f)= 1.1, vertical l-13cm, 2000fps con’t.
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Figure D.21. Instrument grade propane, <|>=1.1, vertical 10-20cm, 2000 fps.
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Figure D.21. Instrument grade propane, <j)=l.l, vertical 10-20cm, 2000 fps con’t.
< m  m
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Figure D.21 Instrument grade propane, ^ . 1. v e r t i ^ 0 cm ,2000 fps co n 't
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Appendix E
Flame Propagation Duct Experimental Results
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Figure E.6 Distance versus Time: instrument grade propane, <j>=0.8
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Figure E.12 Distance versus Time: instrument grade propane, $=1.0
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Figure E.15 Distance versus Time: 1% additive blend, (j>=1.1
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Figure E. 18 Distance versus Time: instrument grade propane, 4>=1.1
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Figure E.21 Speed versus Time: 1% additive blend, <(>=0.8
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Figure E.24 Speed versus Time: instrument grade propane, <j>=0.8
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Figure E.28 Speed versus Time: 0.5% additive blend, ((>=1.0 
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Figure E.33 Speed versus Time: 1% additive blend,
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Figure E.34 Speed versus Time: 0.5% additive blend, 4>=1.1
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Figure E.36 Speed versus Time: instrument grade propane, (j>=1.1
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FigureC.39 Speed versus Distance: 1% additive blend, <t>=0.8
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Figure E.40 Speed v e r s u s  Distance: 0.5% add itive  blend, <j>=0.8 
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Figure E.41 Speed versus Distance: 0% additive blend, <(>=0.8
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Figure E.42 Speed versus Distance: instrument grade propane, <f>=0.8
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Figure E.45 Speed versus Distance: 1% additive blend, ((,=1.0
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Figure E.48 Speed versus Distance: instrument grade propane, <(>=1.0
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Figure E.50 Speed versus Distance: 2% additive blend, <[>=1.1 
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Figure E.51 Speed versus Distance: 1% additive blend, <j>=1.1
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Figure E.53 Speed versus Distance: 0% additive blend,
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Figure E.54 Speed versus Distance: instrument grade propane, <(>=1.1
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Figure E.55 Pressure versus Time: Blend 4%, <j>=0.8
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Figure E.56 Pressure versus Time; Blend 2%, ([>=0.1
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Figure E.57 Pressure versus Time: Blend 1%, ([>=0.8
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Figure E.59 Pressure versus Time: Blend 0% <}>=0.8




























Figure E.60 Pressure versus Time: Biend l% (jj=0.8
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Figure E.61 Pressure versus Time: Blend 4% 4>=1.0
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Figure E.63 Pressure versus Time: Blend 1% <j)=1.0
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Figure E.64 Pressure versus Time: Blend 0.5% <[>=1.0 
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Figure E.66 Pressure versus Time: Blend l% (j>=1.0
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Figure E.67 Pressure versus Time: Blend 4%
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Figure E.68 Pressure versus Time; Blend 2%
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Figure E.70 Pressure versus Time: Blend 0.5% ((>=1.1 
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Figure E.72 Pressure versus Time: Blend t%
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Figure E.73. Simultaneous plot o f  speed and pressure versus distance from the spark for 











Figure E.74. Simultaneous plot o f speed and pressure versus distance from the spark for 
trial 1 o f  instrument grade propane at <t>=1.0.
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Determination of the Relative Speed Curve
From the Pressure-Speed data files, the first major period o f flame propagation is 
selected. The period is from the point o f positive acceleration and positive speed until the 
first of a minimum value is reached (highlighted in Table F .l).
Table F .l. Determination of the data points for the relative speed curve for blend H, 
<(>=0.8.
■Speea Speed Speed Speed
N/A N/A N/A N/A
3 647265 7.29453' 7 294531 3.647265
1.823633 -1.82363 -1.82363 1.823633
o
AT iAAAA AATjrij-
IIAsfftAS# C " " a
1.823633 '■ 823633 1.823633 1.823633
0 3 647265 5 470898 7.294531
5 473898 5 473898 5 470898 5 47C898
7 234531 9118163 7.294531 10.9418
9 118'-33 7 29453; 10.9418 10 34 '8
10 34:5 14.58906 12.70543 12 76543
12 76543 12 76543 12.76543 14 58905
‘ 2  76543 12.765-43 14.58805 15 41269
16 41259 16 41269 V  58306 14.58905
12.75543 12 76543 '4.58906 12.76543
= 2 76543 12 76543 '0  9418 3.118163
10.9418 9.1'8 '6 3 9.118163 7.29453'
/ 294531 5 470898 5 470838 3.647235
5 470898 3 64 7265 '.823633 3.647265
1 523633 1 823333 1.823633 1 823633
1.823633 1.823633 3 647265 5 470898
3 647265 5.470898 5 470898 7.294531
3 647265 7.294531 9.'18163 7 294531
The speed points are plotted with respect to time beginning at the first data point of each 
set. A parabolic curve is fitted to the data points (Figure F .l) and the equations extracted 
(Table F.2) using the t r e n d l i n e  function in Excel. The coefficients o f the parabolic 
equation are averaged to obtain an average parabolic speed equation.
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Figure F .l. Parabolic curve fitted to the data points o f commercial propane, <|)=0.8, using 
trendline function in Excel.
Table F.2. Coefficients o f  each trial and the average o f  all the trials ofblend H, <j>=0.8.
” Z T ^ .'T  1 ............:.........  ;
; jc1 :c2 :c3 i
Itrial 1 I.... -75776" 2024,3.....0.4038'
-60261, 1927.2 -2.134
■trial 3 r ...-65277 2016.6 -2.0543
itrial 4....... ..... -73897 21SK3.8; ..:1;5892
javerage -688028 2030.475 -1.34343
To further compare the speeds curves o f each blend, the curve can be brought to a 
common initial point by disregarding the third coefficient, C3, which is in fact the initial 
speed. This is justified because the goal o f  this comparison is to determine the 
acceleration o f the flame speed for the first flame inversion. Thus, the curves for all o f 
the blends are brought to the initial point o f v=0 at t=0 as shown in Figure F.2.
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Figure F.2. Parabolic curve fitted to the flame speed points o f  the first flame inversion 
setting the initial speed, C3, equal to zero.
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Appendix G 
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Figure G.2. p -V  diagram for blend H at throttle position 1; 2475rpm.
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Figure G.4. p-V  diagram for blend H at throttle position 4; 2400rpm.
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Figure G.6. p -V  diagram for blend H at throttle position 4; 1170rpm.
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Appendix H 
Mass fraction burn code
Sub Mass.Fraction()
»
' Mass Fraction Bum Macro 
*
Application. ScreenUpdating = False
'Opening file with unfired cycle for comparison
Dim workbooklist(15) As String
Dim pathname As String
Dim filename As String
Dim folderlocl As String
Dim folderloc2 As String
Dim workbookname As String
Dim m As Integer
Dim stanjan As Double
Dim st As Double
Dim sm As Integer ‘End column number to process
sm = 4
Dim g As Integer
For g = 1 To sm '***Columns to be processed****
'g = 52
Dim columnnumber As Integer 'specifies the column that the filedata is in 
columnnumber = g
Dim rownumber As Integer 'specifies the number of rows
With ActiveWorkbook.Sheets("formacro") 
rownumber = .Cells) 18, g)
End With
With ActiveWorkbook. Sheets("formacro")
filename = .Cells(3, columnnumber) 'Gets filename
folderloc 1 = .Cells(l, columnnumber) 'Gets name of Folder #1
folderloc2 = .Cells(2, columnnumber) 'Gets name of Folder #2
End With
For m = 0 To rownumber - 4
With ActiveWorkbook.Sheets("formacro")
workbooklist(m) = ,Cells(m + 4, columnnumber) 'Gets end of filename
If Right(workbooklist(m), 1) = Chr(32) Then 
lenofst = Len(workbooklist(m)) 




'Gets the unfired cycle FILE MUST BE OPEN BEFORE RUNNING 
With Workbooks("unfired.xls'').Sheets( 1)
Dim unfiredcycle(719) As Double 
Dim volume(719) As Double 
Dim i As Integer 
For i = 0 To 719
unfiredcycle(i) = .Cells(i + 1, 1). Value 
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'OPENS UP PV file and inserts worksheet called MassFraction
For m = 0 To rownumber - 4
retry:
pathname = "e:\Engine\" & folderlocl & "\" & folderloc2 & "\" & filename & workbooklist(m)
Workbooks.Open (pathname) 
workbookname = filename & workbooklist(m)
Workbooks(workbookname). Activate 




'Counting number of cycles for array decleration
'Prints cycle number in MassFraction Worksheet in 1st row
Dimj As Integer
Dim nCycle As Integer
nCycle = 0
For j = 8 To 32000
If (Worksheets("Pressure&Angle").Cells(j, 18).Value) = 719 Then 
nCycle = nCycle + 1
Worksheets("MassFraction").Cells( 1, nCycle + 4).Value = nCycle 
End If 
Next j
'Declaring two dimensional array
Dim Cycles(0 To 719,0 To 16) As Double
Dim r As Integer 'rows in sheet
Dim 1 As Integer ' cycle
Dim k As Integer 'degrees (k+1)
For k = 0 To 718 
1 =  0
For r = 7 To 32000
If Worksheets("Pressure&Angle").Cells(r, 18).Value = (k + 1) And Worksheets(”Pressure&Angle").Cells(r - 1, 
18).Value o  360 Then
Cycles(k, 1) = Worksheets("Pressure&Angle").Cells(r, 17). Value 




' Titles for Spreadsheet
Worksheets("MassFraction").Cells(2, 4).Value = "Pressure Difference”
Worksheets("MassFraction").Cells(l, 25).Value = "Fraction of Bum Duration" 
Worksheets("MassFraction").Cells(2, 44).Value = "2% burn"
Worksheets("MassFraction").Cells(2, 45).Value = "5% bum"
Worksheets("MassFraction").Cells(2, 46).Value = "10% bum"
Worksheets("MassFraction").Cells(2, 47).Value = "50% bum”
Worksheets("MassFraction").Cells(2, 48). Value = "90% bum"
Worksheets("MassFraction").Cells(2, 49).Value = "Max Pressure D iff 
Worksheets("MassFraction").Cells(2, 50).Value = "End Combustion Degree"
Worksheets("MassFraction").Cells(2, 51).Value = "Max MFB"
Worksheets("MassFraction").Cells(2, 75).Value = "Average Burn Rate"
Worksheets("MassFraction").Cells(2, 53).Value = "Max Bum Rate"
Worksheets("MassFraction").Cells(2, 54).Value = "Point of Inflection"
'Shift cycles at 340 degrees to match unfired cycle
Dim Shift(16) As Double
Dim ShiftedCvcles(0 To 719, 0 To 16)
Dim PressureDiff(0 To 719, 0 To 16)
Dim Max(16) As Double
Dim endcombustion(16) As Integer
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For 1 = 0 To 16
Max(l) = 0
Shift(l) = (Cycles(339,1) - unfiredcycle(339))
F ork  = 338 T o 719
ShiftedCycles(k, 1) = Cycles(k, 1) - Shift(l)
PressureDifF(k, 1) = (ShiftedCycles(k, 1) - unfiredcycle(k)) * volume(k) / 81694.5 '(Volume wrt clearance 
volume)
If PressureDiff(k, 1) > Max(l) Then 
Max(l) = PressureDiff(k, 1) 
endcombustion(l) = k 
End If
Worksheets("MassFraction").Cells(k + 4 - 337, 4 ) .Value = k +  1 
Worksheets("MassFraction").Cells(k + 4 - 337, 4+1+1).Value = PressureDifffk, 1) 
Worksheets("MassFraction").Cells(3, 4 + 1 + 1).Value = 1 + 1 
Next k 
Next 1
'Calculate Mass Fraction Burned
'Determine Crank Angle for 5, 10, 50 and 90% bum
Dim MassFraction(0 To 719, 0 To 16)
Dim htwo(16), ltwo(16) As Double 
Dim hfive(16), lfive(16) As Double 
Dim hten(16), lten( 16) As Double 
Dim hfifty(16), lfifty(16) As Double 
Dim hninty(16), lninty(16) As Double 
Dim two(16) As Double 
Dim five(16) As Double 
Dim ten(l 6) As Double 
Dim fifty) 16) As Double 
Dim ninty(16) As Double
Dim h5(16), 15(16),hl0(16),110(16),h50(16),150(16),h90(16),190(16),h2(16), 12(16) As Double
For 1 = 0 To 16 
h2(l) = 100 
h5(l)=  100 
hl0(l) = 100
h50(l)= 100 
h90(l) = 100 
12(1) =  0 
15(1) = 0 
U0(1) = 0 
150(1) = 0 
190(1) = 0
Worksheets("MassFraction").Cells(2,1 + 25).Value = 1+1
For k = 338 To endcombustion(l)
MassFraction(k, 1) = PressureDiff(k, 1) / Max(l) * 100
’Interpolating crank angle for 2,5,10,50,and 90 percent bum 
If MassFraction(k, 1) > 2 And MassFraction(k, 1) < h2(l) Then 
h2(l) = MassFraction(k, 1) 
htwo(l) = k + 1 
End If
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If MassFraction(k, 1) < 2 And MassFraction(k, 1) > 12(1) Then 
12(1) = MassFraction(k, 1) 
ltwo(l) = k + 1 
End If
If MassFraction(k, 1) > 5 And MassFraction(k, 1) < h5(l) Then 
h5(l) = MassFraction(k, 1) 
hfive(l) = k + 1 
End If
If MassFraction(k, 1) < 5 And MassFraction(k, 1) > 15(1) Then 
15(1) = MassFraction(k, 1) 
lfive(l) = k + 1
End If
If MassFraction(k, 1) > 10 And MassFraction(k, 1) < h i0(1) Then 
h i 0(1) = MassFraction(k, 1) 
hten(l) = k + 1 
End If
If MassFraction(k, 1) < 10 And MassFraction(k, 1) > 110(1) Then 
110(1) = MassFraction(k, 1) 
lten(l) = k + 1 
End If
If MassFraction(k, 1) > 50 And MassFraction(k, 1) < h50(l) Then 
h50(l) = MassFraction(k, 1) 
hfifty(l) = k + 1 
End If
If MassFraction(k, 1) < 50 And MassFraction(k, 1) > 150(1) Then 
150(1) = MassFraction(k, 1)
Ififty(l) = k + 1 
End If
If MassFraction(k, 1) > 90 And MassFraction(k, 1) < h90(l) Then 
h90(l) = MassFraction(k, 1) 
hninty(l) = k + 1 
End If
If  MassFraction(k, 1) < 90 And MassFraction(k, 1) > 190(1) Then 
190(1) = MassFraction(k, 1) 
lninty(l) = k + 1 
End If
Worksheets("MassFraction").Cells(k - 333, 23).Value = k + 1 
Worksheets("MassFraction").Cells(k - 333, 24).Value = (k + 1 - 339) 
Worksheets("MassFraction").Cells(k - 333,1 + 25).Value = MassFraction(k, 1)
Next k
two(I) = (((ltwo(l) - htwo(l)) / (12(1) - h2(l») * (2 - h2(l))) + htwo(l) 
five(l) = (((lfive(l) - hfive(l)) / (15(1) - h5(l))) * (5 - h5(l))) + hfive(l) 
ten(l) = (((lten(l) - hten(l)) / (110(1) - hi 0(1))) * ( 1 0 - hi 0(1))) + hten(l) 
fifty(l) = (((lfifty(l) - hfifty(l)) / (150(1) - h50(l))) * (50 - h50(l))) + hfifty(l) 
ninty(l) = (((lninty(l) - hninty(l)) / (190(1) - h90(l))) * (90 - h90(l))) + hninty(l)
Worksheets("MassFraction").Cells(4 + 1, 44).Value = tvvo(l)
Worksheets("MassFraction").Cells(4 + 1, 45).Value = five(l)
Worksheets("MassFraction").Cells(4 + 1, 46).Value = ten(l)
Worksheets("MassFraction").Cells(4 + 1, 47).Value = fifty(l)
Worksheets("MassFraction").Cells(4 + 1, 48).Value = ninty(l)
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Worksheets("MassFraction").Cells(4 +1, 49).Value = Max(l)
Worksheets("MassFraction").Cells(4 + 1, 50).Value = endcombustion(l)
Worksheets(''MassFraction").Cells(4 + 1, 51).Value = Max(l) / Max(l)
Next 1
' Graph Mass Fraction Bum 
Range("X5: AN 193"). Select 
Charts.Add
ActiveChart.ChartType = xlX Y ScatterSmoothN oMarkers
ActiveChart.SetSourceData Source:=Sheets("MassFraction").Range("X5:AN193"), _
PlotBy:=xlColumns 
ActiveChart.Location Where:=xlLocationAsNewSheet, Name:="MFB Chart"
With ActiveChart 
.HasTitle = True
.ChartTitle.Characters.Text = "Mass Fraction Bum"
.Axes(xlCategory, xlPrimary).HasTitle = True 
.Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = _
"Degrees After Spark"
.Axes(xlValue, xlPrimary).HasTitle = True 
.Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = _
"% Mass Fraction Burned"
End With 'End of Program Mass Fraction Calculations
Worksheets("MassFraction").Cells(l, 55).Value = "Bumrate"
Dim bumrate(0 To 719, 0 To 16)
For I = 0 To 16
Worksheets("MassFraction").Cells(2,1 + 57).Value = 1+1 
For k = 339 To endcombustion(l)
bumrate(k, 1) = MassFraction(k, 1) - MassFraction(k - 1,1)
Worksheets("MassFraction").Cells(k - 333, 55).Value = k +  1 
Worksheets("MassFraction").Cells(k - 333, 56).Value = (k + 1 - 339)
Worksheets("MassFraction").Cells(k - 333, 1 + 57).Value = bumrate(k, 1)
Next k 
Next 1
'Average of Bum Rate 10 point running average
Dim p, s As Integer
Dim MaxBR As Double
Dim InflectionPt As Double
For p = 0 To 16
MaxBR = 0
For s = 0  To 150
If Worksheets("MassFraction").Cells( 10 + s, 57 + p).Value > -100 Then
Worksheets("MassFraction”).Cells(10 + s, 75 + p).Value = (Worksheets("MassFraction").Cells(6 + s, 57 + p).Value + 
Worksheets("MassFraction").Cells(7 + s, 57 + p).Value + Worksheets("MassFraction").Cells(8 + s, 57 + p).Value + 
Worksheets("MassFraction").Cells(9 + s, 57 + p).Value + Worksheets("MassFraction").Cells(10 + s, 57 + p).Value + 
Worksheets("MassFraction").Cells( 11 + s, 57 + p).Value + Worksheets("MassFraction”).Cells(12 + s, 57 + p).Value + 
Worksheets("MassFraction").Cells(13 + s, 57 + p).Value + Worksheets("MassFraction").Cells( 14 + s, 57 + p).Value + 
Worksheets("MassFraction").Cells(15 + s, 57 + p).Value) / 10 
If Worksheets("MassFraction").Cells) 10 + s, 75 + p).Value > MaxBR Then 
MaxBR = Worksheets("MassFraction").Cells) 10 + s, 75 + p).Value 
InflectionPt = Worksheets)"MassFraction").Cells) 10 + s, 56).Value 
Worksheets("MassFraction").Cells(4 + p, 53) = MaxBR 
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.Sheets("status").Cells(m + 1, g * 2 - 1) = workbookname 







If m > rownumber - 4 Then 
Exit Sub 
End If






.Sheets("status").Cells(m + 1, g * 2 - 1) = workbookname 
.Sheets("status").Cells(m + 1, g * 2) = "Skipped"
End With
W orkbooks( workbookname). S ave 
Workbooks! workbookname).Close
m = m + 1 
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